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Abstract
Metal–organic materials (MOMs), a type of porous crystalline structure composed of organic
ligands jointed with metal ions, have captured the interest of scientists as potentially useful in
gas sorption applications. Some of the most crucial avenues of investigation are in H2 storage (for
use as a clean burning fuel source) and CO2 capture and sequestration (to remove the greenhouse
gas from the environment).
A major advantage of MOMs for such applications is their high variability in terms of physical
dimensions and chemical moieties, based on composition and synthesis conditions, making them
potentially customizable for specific application if necessary structural characteristics are known.
Computational experimentation is an important avenue for determining such specifications as it
allows examination of gas/MOM interaction at the molecular level. In this dissertation a number
of MOM structure are computationally studied in order to elucidate gas sorption mechanisms.
These systems were probed by classical simulation using grand canonical Monte Carlo with a
carefully chosen set of intermolecular interaction parameters. While the focus of this work is
specifically H2 and CO2 sorptive behavior, the insights gained from simulation extend beyond
these specific applications.
Addressed first are a series of MOMs with rht topology, which possesses asymmetric copper
paddle-wheels and easily functionalized linkers. Beginning with a prototypical structure and then
branching out into more chemically interesting variants revealed surprising gas sorption behavior
about the metal paddle-wheels (with a definite preference for one copper over its counterpart).
A synthetic strategy for controlling the preferred open-metal sorption site through the inclusion
of electron rich functionality in the linker bodies, was also revealed. An additional MOM with
similar composition components, exhibiting zyg topology, also showed this metal preference effect
on the asymmetric paddle-wheels.
xiii
A second class of MOMs, composed of square-pillared grids and known as the SIFSIX series
(due to the inclusion of SiF6
2− as pillaring units) was also examined. These structures have been
shown excellent results for CO2 sorption making the elucidation of the sorptive mechanisms of
great interest. Six different structures were examined, probing the effects of linker length, metal
selection, and interpenitration of unbonded scaffolds. The nature of the CO2-MOM sorption
interactions were revealed through simulation and provided insights regarding the synergistic
effect of pore dimensions and SiF6
2− functionality for specifying specific behavior (i.e. high
selectivity vs. high uptake).
A final MOM, composed of Y3+ ions and chemically complex linkers, was also examined.
Disorder in the crystallographic data (e.g. single atoms with multiple positions) indicated the
coexistance of notably different unit cells in the same system. Nevertheless, simulations revealed
favored sorption sites in conjunction with results from physical experimentation.
xiv
Chapter 1
Introduction
Greenhouse emissions resulting from the combustion of fossil fuels are causing an ever growing
environmental problem. Despite this, the global use of carbonaceous energy sources continues
unabated. As such, increasing attention is being given to this crucial issue and finding ways
to protect the environment. The general strategies under consideration are: to replace fossil
fuels with a clean burning alternative such as hydrogen gas, and the capture of environmentally
dangerous emissions such as carbon dioxide to remove them from the environment. In order
to implement these strategies, however, some major issues must be overcome. Cost effective
methods of safely and compactly storing H2 and selectively separating and storing CO2, must be
devised. Both must also be feasible under reasonable application conditions.
One field of study with potential applicability for both methodologies are metal–organic ma-
terials (MOMs). These structures are composed of organic ligands jointed by metal ions or
clusters to form crystalline latices. Porous variants allow gas molecules to physisorb to interior
chemical functionality, giving them potential application as gas sorbents.1–4 An advantage that
these structures have over many other porous sorbants is the high lability of their chemical con-
stitution and physical dimensions (controlled by selection of linker, metal ion/cluster, synthetic
conditions, and post synthetic treatments).5–7 This theoretically permits the design of MOMs
tailored to specific applications.
In order to design MOMs with specified utility, however, determining which structural el-
ements will lead to desired gas sorption behavior is crucial. Computational experimentation
is uniquely suited for elucidating structure/function correlations as the ability to examine sor-
1
bate/sorbent interaction on the atomistic level yields physical insights not typically possible
through wet lab experimentation. In this dissertation a series of metal–organic materials are
computationally examined in regards to applications for the sorption of H2, and CO2.
Examination of candidate MOM structures first requires a computational description of in-
termolecular interactions. Specifically, crystallographic atomic positions are assigned parameters
for sorbate-sorbent interaction energy, which is decomposed into three components:
U = Urd + Ues + Upol (1.1)
where U is the intermolecular energy and, Urd, Ues, and Upol are the repulsion and dispersion,
electrostatic, and polarization effect, respectively.
Repulsion/dispersion effects are treated via a 6-12 Lennard Jones potential form:8
Urd = 4ij
[(
σij
rij
)12
−
(
σij
rij
)6]
(1.2)
where ij is the depth of the energy well between atoms i and j, σij is the distance at which
the potential energy is zero, and rij is the distance between the atoms. Atomic parameters for σ
and  were taken from either the Universal Force Field (UFF)9 or the Optimized Potentials for
Liquid Simulations (OPLS).10
The Ues parameter, describing coulombic interactions between the MOM and sorbate molec-
ular dipoles, must be individually parameterized for each MOM to account for the differing
environments. For this, the MOM is divided a into series or representational fragments. An
ab initio calculation is then run on the fragments finding their potential energy surfaces and
using a fitting procedure to find atomic point partial charges capable or reproducing the energies
along the surfaces. The NWChem ab initio simulation package11 is employed for this purpose
using the 6-31G* basis set for light atoms in these calculations, as it has been shown to produce
over polarized charges for the gas phase fragments. This results in a cancellation of errors effect
2
causing the charges to fall into line with condensed phase results.2,12,13 For heavier atoms, the
LANL2DZ ECP14–16 basis set was typically employed.
Induced dipole effects (Upol) were treated by a Thole-Applequist type model
17–19 which de-
scribes each atom’s susceptibility to induction with a single point polarizability parameter. van
Duijnen et. al.20 reported a carefully parameterized set of atomic polarizabilities found to be
transferable between atoms of the same atomic number, even in very different chemical environ-
ments. These values are utilitzed in this work. For atoms not treated in van Duijnen’s paper,
the parameter was determined by finding the polarizability tensor of small fragments using the
QChem ab initio code21 to determine the polarizability matrix and adjusting the point polariz-
ability of the unknown atom until the tensor is reproduced by the Thole-Applequist model.
For the sorbates, known molecular models are used. H2 was modeled using Buch,
22 BSS,23 and
BSSP.23 Buch is a single site model only explicitly including repulsion/dispersion parameters.
BSS, is a five site model that includes electrostatic parameters and repulsion/dispersion, and
BSSP explicitly models all three energetic contributions including induced dipole effects. While
sufficient for modeling bulk hydrogen, Buch fails to capture important charge interaction in MOM
systems and is typically included only as a control. BSS frequently obtains accurate results
in non-polar MOMs, but fails in polar systems where induced dipole effects are significant.24
Thus, BSSP is the model expected to reproduce experimental measurements in most interesting
systems.
For CO2 there are again three models used. Two models TraPPE
25 and CO2-PHAST
26
include repulsion/dispersion and electrostatic effects. They differ, however, in design principle
the latter having been designed to be transferable into various heterogeneous media while the
former was fit to gas-phase equilibria and was not parameterized to account for interfacial system
interactions. Both models, however, are expected to fail in MOMs where induced dipole effects
are significant as only the CO2*-PHAST model explicitly includes interactions.
Once all system components are parameterized, Monte Carlo simulations are performed.
The Monte Carlo method is characterized by sampling the system through the use of random
movement, insertion, or deletion of sorbate molecules in order to explore the system.27,28 Changes
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to the system which lower the energy are accepted while those which do not are accepted or
rejected based on a probability scalar weighted by the energetic unfavorability of the move.
These simulation are carried out using the Massively Parallel Monte Carlo Code (MPMC).29
Typically, the grand canonical ensemble is used in simulation, holding chemical potential (µ), vol-
ume (V), and temperature (T) constant while all other variables fluctuate. This ensemble match
experimental conditions (with µ mapping onto a reservoir pressure) allowing direct comparison
of uptakes for the purpose of model verification.
In this dissertation, a series of metal–organic materials are computationally examined in
regards to applications for H2, and CO2 sorption. Specifically, two different ”platforms” of
MOMs are considered (e.g. MOMs formed from a consistent design strategy with a replacement
of certain elements to form different analogues), allowing the examination of the effects of one
altered component. Two MOMs of other promising platforms are also examined.
Chapters 2 through 6 concern MOMs with rhombicuboctahedral (rht) topology. These struc-
tures consist of 3D lattices (which classifies them as metal–organic frameworks [MOFs] a sub-
species of MOM) of three cages systems, a truncated tetrahedron (T-Td), truncated octahedron
(T-Oh) and a cuboctahedron (cub-Oh). They are highly tunable in terms of both functionality
and cage dimensions as they are formed from tridentate linkers with terminal isopthalate moieties
jointed to metal paddle-wheels. Preserving the linker C3 symmetry and terminal functionality
required to form this topology still permits a wide variety of customization in terms of chemical
inclusion and linker length. As such, they make excellent candidates for tailoring to applications,
and are examined herein in order to ascertain the impact of various physical alterations on gas
sorption mechanisms.
Chapter 2 addresses Cu PCN-61,30 a prototypical rht structure of moderate size with an
unfunctionalized linker body. Grand canonical Monte Carlo simulations of H2 gas were carried
out in order to establish a base-line for these structures. Examination of the sorbate-sorbent be-
havior revealed that open-metal sorption effects can be captured in classical simulation through
the inclusion of many-bodied polarization effects. Further, it was found that the differing envi-
ronments of the two metal ions on the same paddle-wheel caused one to be highly preferred for
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sorption, acting as the primary binding site for incoming sorbate molecules while its counterpart
exhibited a greatly diminished capacity. The preferred metal, projecting into the cub-Oh cage
was also found to have a significantly higher partial charge parameter than its counterpart along
the edge of the T-Td and T-Oh cages.
Cu-TPBTM,31 an isostructual analogue of Cu PCN-61, replacing alkyne functionality with
amide groups, is addressed in Chapter 3. Subjected to a similar series of tests to its counter-
part, it was revealed that the functionalized structure experiences dramatically different sorptive
behavior at the paddle-wheels. Specifically, the preferred copper in Cu-TPBTM is analogous
to the diminished copper in Cu PCN-61 and vise versa. Examination of partial charges fit to
comparable fragments from the two structures revealed that the relative charge magnitudes of
the copper ions were flipped in the two analogues, with the higher charge on the T-Td/T-Oh
copper for Cu-TPBTM. It was found that the inclusion of amide functionality proximal to the
paddle-wheel is the origin of this variant result. Cu-TPBTM fragments that did not include such
functionality reverted to the ”default” charge distribution observed in Cu PCN-61.
Chapter 4 examines rht-MOF-7,32–34 which replaces the amide group in Cu-TPBTM with
amine functionality and includes a central triazine ring. This structure deviates from the previous
variants as the kinked amine group causes distortions in the resultant rht structure. Notably,
rht-MOF-7 was reported in two different publications with alternate synthesis methodology,
variant crystal structures, and significantly different uptakes for both H2 and CO2 under identical
conditions.32–34 Examining both structures via fragmentation, it was found that both the PCN-61
”default” and the TPBTM “flipped” charge distribution between the copper ions were observed
in one of the proposed rht-MOF-1 structures. The “flipped” charge was observed in the structure
with the shorter copper-triazine distance indicating a similar mechanism to that observed in Cu-
TPBTM was at work. Sorption modeled using both H2 and CO2 potentials in each structure
revealed that the initial sorption site followed the same trend, though gas uptake was roughly
equivalent in each structure.
rht-MOF-1,35 a cationic framework including open-metal copper ions in the linker bodies,
is discussed in Chapter 5. In this structure, Cu3O trimers form the linker center. The copper
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ions coordinate to tetrazolate functionality on the linker arms to form the necessary C3 linker
symmetry, with nitrate counter ions used to attain charge neutrality. The proximity of the
tetrazole to the copper ions causes the same relative charge ”flip” seen in Cu-TPBTM and one
of the rht-MOF-7 analogues. H2 sorption simulations revealed that in this structure, it is the
counter ions rather than the open-metals which provide the initial sorption site. Nevertheless,
the relative occupancy of the metals is distinctly in favor of the more highly charged copper ion.
Chapter 6 examines Cu PCN-6630 and Cu PCN-61 (the latter reconsidered in terms of CO2
sorption). Cu PCN-66 is very similar to Cu PCN-61 in terms of structure, differing due to the
inclusion of a central nitrogen atom (inaccessible to sorbate molecules), otherwise the linker body
consists of the same functionality. The only significant change, therefore, is in terms of the unit
cell which is significantly larger for the PCN-66 analogue. As such, the favored sorption site was
initially predicted to match Cu PCN-61. Instead, however, the same ”flip” in favored copper
was observed despite the lack of neighboring polar functionality.
Chapter 7 breaks from the rht structures and considers a zyg MOF, UTSA-20.36 This struc-
ture is composed of the same type of C3 isopthalate linkers and possesses similar asymmetric
copper paddle-wheels. Simulations in this structure revealed the same type of sorbate preference
for a specific paddle-wheel metal.
Chapters 8 through 11 regard the SIFSIX platform of square-pillared grid MOMs. SIFSIX
structures are composed of bifunctional linear ligands terminating in pyridine groups. Nitrogen
atoms on the terminal rings coordinate to divalent metal ions forming two-dimensional square
grids. These grids are pillared by SiF6
2− ions coordinated axially to the metal ions creating a
three dimensional stacking of sheets. The SIFSIX series has three types of variation considered
herein. Choice of metal ion, extention of the linker, and interpenitration of two or more grids.
These structures typically perform well in regards to CO2 sorption.
Chapter 8 begins the examination of SIFSIX MOMs with [Zn(pyz)2SiF6]
37 (also known as
SIFSIX-3-Zn) the zinc analogue of the smallest structure in the series. Notable for being both
highly attractive to and highly selective for CO2 sorption, this MOM will saturate with CO2
under atomospheric conditions. Grand cannonical and cannonical Monte Carlo simulations of
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CO2 in this MOM revealed highly ordered sorption with sorbate molecules oriented vertically in
the channels and each sorbate carbon coordinated on four sides to equitorial fluorine atoms of
SiF6
2− ions, locking it into a rigid orientation. This accounts for the high selectivity for CO2
as the constrained environment of the single sorption site excludes non-linear molecules and the
highly charged environment creates a preference for molecules with high partial positive charges.
Another small pore variant is discussed in Chapter 9, [Cu(dpa)2SiF6-i]
38 (or SIFSIX-2-
Cu-i). Though the 4,4-dipyridylacetylene linker is considerably extended in comparison to the
linker of the previously discussed structure, this variant is composed of two interpenitrated nets
resulting in pore sizes only slightly larger that [Zn(pyz)2SiF6]. This structure has a higher
saturation uptake than the previous MOM and reported heats of adsorption that increase with
loading. Examination of the sorbed structure of CO2 after simulation revealed a structured
cooperative sorption mechanism with CO2 molecules sorbed onto hexafluoride ions and also
coordinated to one another in a T-shaped orientation with favorable C-O energetics lowering the
energy well for incoming sorbate moleucules.
Chapter 10 studies [Cu(bpy)2SiF6]
38 (also known as SIFSIX-1-Cu). This structure lacks the
tight cooridors of the previous SIFSIX variants, having 4,4-bipyridine linkers and experiencing
no interpenitration. [Cu(bpy)2SiF6] can be regarded as a prototypical SIFSIX MOM having the
smallest linker containing two pyridine rings and was initially examined to establish a baseline for
these structures. It was found, however, that the rotational orientation of rings and hexafluoride
functionality are fluid and have a huge effect of sorption uptakes. CO2 simulations in the config-
uration with the most energetically favorable structure sorbed less then half the experimentally
derived result. Examination of nine conformational variants revealed that rotational orientations
less favorable in a vacant crystal become more favorable with the addition of the CO2 sorbate
causing induced conformational shifting.
A broad comparison of a number of members of the SIFSIX series is undertaken in Chapter
11 discussing the effects of divalent metal selection, interpenitration and linker length on CO2
sorption. The test cases are the MOMs discussed in the previous three chapters as well as
SIFSIX-3-Cu39 and SIFSIX-2-Cu.38 Comparison of sorption behavior in these MOMs yielded
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insights into which structural elements promote desired behavior for various applications. The
tightest cooridors lead to greater selectivity for separation applications, and larger pore sizes
produced higher saturation uptakes for potential storage applications.
Lastly, leaving behind the SIFSIX series, Chapter 12 regards Y-FTZB, one of a series of
MOFs composed of rare earth metals. These MOFs were designed in an attempt to improve
CO2 sorption by creating high localized charge density.
40 Y-FTZB is composed of 2-fluoro-4-
(tetrazol-5-yl)benzoate (FTZB2−) linkers coordinated to Y6(µ3-OH)810+ clusters. Examination
of the reported crystallographic data revealed a high degree of static disorder (e.g. components
resolved in two or more non-interconvertable locations) indicating that a given unit cell could
have a great deal of variation in composition. Simulation results in conjunction with inelastic
neutron scattering data revealed the most favorable linker-metal configuration.
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Chapter 2
Simulation of the Mechanism of Gas Sorption in a Metal–Organic Framework with
Open Metal Sites: Molecular Hydrogen in PCN-61
2.1 Note to Reader
This chapter contains previously published content. Reprinted with permission from J. Phys.
Chem. C, 2012, 116 (29), 15538–15549. Copyright c© (2012) American Chemical Society. (see
Appendix A)
2.2 Abstract
Grand canonical Monte Carlo (GCMC) simulations were performed to investigate hydrogen sorp-
tion in an rht-type metal–organic framework (MOF), PCN-61. The MOF was shown to have a
large hydrogen uptake, and this was studied using three different hydrogen potentials, effective for
bulk hydrogen, but of varying sophistication: a model that includes only repulsion/dispersion
parameters, one augmented with charge-quadrupole interactions, and one supplemented with
many-body polarization interactions. Calculated hydrogen uptake isotherms and isosteric heats
of adsorption, Qst, were in quantitative agreement with experiment only for the model with ex-
plicit polarization. This success in reproducing empirical measurements suggests that modeling
MOFs that have open metal sites is feasible, though it is often not considered to be well described
via a classical potential function; here it is shown that such systems may be accurately described
by explicitly including polarization effects in an otherwise traditional empirical potential. De-
composition of energy terms for the models revealed deviations between the electrostatic and
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polarizable results that are unexpected due to just the augmentation of the potential surface
by the addition of induction. Charge-quadrupole and induction energetics were shown to have
a synergistic interaction, with inclusion of the latter resulting in a significant increase in the
former. Induction interactions strongly influence the structure of the sorbed hydrogen compared
to the models lacking polarizability; sorbed hydrogen is a dipolar dense fluid in the MOF. This
study demonstrates that many-body polarization makes a critical contribution to gas sorption
structure and must be accounted for in modeling MOFs with polar interaction sites.
2.3 Introduction
Hydrogen is recognized as a possible alternative fuel source because it is abundant (albeit chem-
ically sequestered) and oxidation of hydrogen in an engine releases only water as a byproduct.
Thus, combustion of hydrogen generates no greenhouse gases and releases a relatively large
amount of energy.1,41 Hence, a major goal is the development of clean, hydrogen-powered au-
tomobiles to replace those currently powered by fossil fuels41 in addition to use of hydrogen in
highly efficient fuel cells that are also appropriate for nonautomotive purposes. The successful
commercialization of hydrogen-powered vehicles largely depends on the development of safe, ef-
ficient, and economical hydrogen storage systems. The U.S. Department of Energy (DOE) had
set a target of 9.0 wt % (or 0.081 kg/L) by the year 2015 at temperatures in the range –50 to
80 ◦C and pressures up to 100 atm for a potential hydrogen storage system.42 In addition, the
hydrogen fueling and release should be completely reversible, and refueling and recharging of
hydrogen should be completed within minutes.
Metal organic frameworks (MOFs) are a relatively new and emerging class of porous mate-
rials.30 Due to their large surface area, tunable pore sizes and topologies, and the possibility of
well-defined hydrogen-framework interaction sites, MOFs have been considered one of the most
promising candidates for practical hydrogen storage.43,44 Additionally, MOFs are materials that
can effectively physisorb hydrogen, storing it under moderate conditions and capable of releasing
it reversibly and freely due to a mild change in conditions.1,2 Indeed, remarkable progress has
been made toward the challenging DOE targets with modest investments.5
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Figure 2.1: Molecular view of PCN-61. (a) btei linker. (b) Side view of unit cell. (c) Corner
view of unit cell. Atom colors: C = green, H = white, O = red, Cu = black
(a) (b)
(c)
The utility and designability of MOFs is facilitated by their being synthesized in a modular
fashion from preformed metal vertices and organic linker molecules in a self-assembly process.45
The building block approach opens up the possibility to create an unlimited number of MOF
structures.35,45,46 Most MOFs of interest for the present purposes have three-dimensional struc-
tures that incorporate uniform pores and a network of channels.43,44 These pores and channels
can then be used to sorb guest species. Recently, a MOF was reported and referred to as
PCN-61 that is composed of 5,5,5-benzene-1,3,5-triyltris(1-ethynyl-2-isophthalate) (btei) linkers
(Figure 2.1) coordinated to copper ions in the 2+ oxidation state.47 The MOF has an rht topol-
ogy,30,31,34,35,47–51 which is characterized by having 24 edges of a cuboctahedron connecting to a
linker having C3 symmetry.
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Such rht-type MOFs are intriguing in that they have high surface areas with open metal sites
and narrow pore sizes.30,35,47 Additionally, they are inherently modular,31 as MOFs having a rht
topology can be synthesized from any ligands that consist of three coplanar isophthalate moieties
with overall C3 symmetry.
30,47 The use of these ligands facilitates the synthesis of MOFs from
highly symmetrical 24-connected supermolecular building blocks (SBBs).31,35 They are based
upon linked M2(O2CR)4 paddlewheel clusters. The SBBs are 3-connected at each of their 24
vertices, thus producing the (3,24)-connected rht net. The packing of the polyhedra also makes
rht-type MOFs distinct, as these frameworks consist of three different cages: cuboctahedron,
truncated octahedron, and truncated tetrahedron.30,47 PCN-61 is an rht-type MOF that possesses
a large Langmuir surface area of 3500 m2 g−1, a pore volume of 1.36 cm3 g−1, and a porosity
of 77%.30 Hydrogen sorption studies were performed on PCN-61, and it was shown that the
MOF had a large hydrogen storage capacity with reversible sorption.30,47 For instance, at 77 K
and 1 atm, PCN-61 had a gravimetric hydrogen uptake of 2.25 wt % (here, wt % is defined as
(mass of sorbate)/(mass of MOF + mass of sorbate) × 100%). MOFs with open metal sites
exhibit much stronger hydrogen binding strength, and narrower pores would allow hydrogen
molecules to interact with more atoms.52,53 PCN-61 was chosen for the present studies due
to the potential utility of the rht topology MOFs and as the use of a prototype structure for
baseline computational studies. It includes open metal sites, presenting a challenge to classical
molecular simulation techniques, and relatively simple linkers that can be functionalized both
experimentally and in subsequent theoretical investigations to reproduce existing structures or
to test aspirational chemical modifications.
Grand canonical Monte Carlo (GCMC) computational studies of MOFs provide atomistically
detailed insights into the mechanisms of gas sorption while providing direct comparisons to
typical experimental observables such as sorption isotherms and associated isosteric heats of
adsorption;2,45,54 robust agreement with experimental measurements engenders confidence in the
molecular level predictions. The simulations also produce a variety of other thermodynamic
observables that can be directly or indirectly compared to empirical data, and the isothermal
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compressibility of the sorbed gas is a notably useful example as a quantitative measure of the
physical state of the sorbate.2
GCMC calculations were performed on diatomic hydrogen in PCN-61 to investigate the large
gas uptake. A rht topology MOF was chosen due to the presence of open metal sites and a tunable
polar and polarizable environment provided by the linkers. Compared to the other MOFs in the
extant isoreticular PCN-6X series, PCN-61 was shown to have the highest hydrogen uptake at
77 K and 1.0 atm, ostensibly due to its relatively small pore size, and it was thus chosen for
these studies.30
Simulations were performed with and without the inclusion of many-body polarization17,18,20
contributions. Molecular hydrogens attractive interactions in MOFs are represented by three
intermolecular contributions: van der Waals, charge-quadrupole, and induction.2 Simulation of
hydrogen sorption in polar MOFs requires a transferable potential that includes the ability to
describe anisotropic many-body coupling in an effective manner.23,55
Simple hydrogen potentials22 accurately reproduce the bulk thermodynamic properties of hy-
drogen22,23,55 while treating all but van der Waals interactions in an effective mean field manner.
Such a potential was shown to reproduce the uptake of hydrogen in weakly interacting mate-
rials with reasonable effectiveness22,23,56 and is used in these studies for comparison. However,
in heterogeneous systems with polar interactions, the surrounding environment exhibits signifi-
cant charge separation, and electrostatic charge-quadrupole (the first nonvanishing moment for
an isolated hydrogen molecule) and induced dipole effects must be included explicitly to model
hydrogen sorption reliably.2,23
There are several extant accurate anisotropic hydrogen potentials that include permanent
charge interactions.57–63 However, they neglect explicit induction and do not focus on trans-
ferability to highly inhomogeneous environments and are not suitable for modeling materials
sorption.57,58,63–65 Recently, Belof et al. developed a highly accurate hydrogen potential that was
transferable and included the charge-quadrupole and optionally the explicit induction terms.23
Note, this potential model has recently been extended to include many-body van der Waals inter-
actions,66 and implementing it in heterogeneous condensed phase simulations is ongoing. Thus,
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hydrogen sorption in PCN-61 was modeled using three different hydrogen potentials of increas-
ing realisticness: here referred to as Buch,22 including only van der Waals interactions using a
Lennard-Jones potential; BSS,23 adding charge-quadrupole interactions; and BSSP,23 addition-
ally augmented with explicit many-body polarization. In this study, it was demonstrated that
the explicit inclusion of many-body polarization has a major effect on the sorption of hydrogen in
PCN-61 and correctly describes the interactions between hydrogen and the open metal sites.67,68
Note, being able to reliably describe simulations offers the possibility of describing important
classes of MOF properties, including modeling sensing interactions, obtaining molecular geome-
tries for detailed catalysis studies using electronic structure methods, and modeling separations
of gas mixtures.69,70 Also, the observed importance of many-body polarization interactions in
describing the sorption of even the relatively difficult to polarize hydrogen molecule in PCN-61
(itself only a moderately polar framework) suggests that neglecting such interactions in simu-
lations involving guest molecule sorption can lead to results that are misleading or difficult to
interpret.
2.4 Methods
2.4.1 Simulation Parameters
Three hydrogen potentials were used in the simulation to assess the importance of three distinct
attractive intermolecular interactions in a MOF with open metal sites: van der Waals, charge-
quadrupole, and induction.
The potential developed by V. Buch22 is a single site model that includes only van der Waals
repulsion/dispersion energetics. This model accurately reproduces the bulk thermodynamic prop-
erties of hydrogen up to liquid densities. BSS23 is a five site model that includes partial charges
on the atomic, off-atomic, and midpoint positions between the nuclei; the partial charges repre-
sent quadrupolar interactions for hydrogen. van der Waals parameters are located on the median
site and two sites extending 0.329 A˚ away from the atomic centers. This model reproduces bulk
hydrogen pressure-density data and is capable of reproducing interfacial interactions in systems
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Figure 2.2: Label of chemically distinct atoms as referred to in Table 2.1. Atom colors: C =
green, H = white, O = red, Cu = brown
where induced dipole energetics are negligible or can be included in an implicit fashion (such
interactions are built into the pair potential fit to the exact hydrogen intermolecular surface).
BSSP23 is a model that represents a reparametrization of BSS with induction parameters; it can
model high density neat hydrogen and situations where polarization is expected to contribute
significantly to the energetics, such as interfaces (e.g., a charged/polar MOF).2,23 For this model,
van der Waals off-site positions shift to 0.363 A˚ from the center of mass and atomic point polar-
izabilites on the median and atomic positions were fit to represent the molecular polarizability
tensor of hydrogen. BSSP is the most complete representation of hydrogen interactions captur-
ing the leading terms of all types of intermolecular forces, partitioning the energetics into the
appropriate physical interaction terms.
The atomic repulsion/dispersion interaction parameters for PCN-61 were taken from the
universal force field (UFF);9 this set of parameters were widely used in MOF-sorbate studies
performed earlier2,55,71,72 and were shown to reproduce high temperature/pressure isotherms
for H2 in MOF-5, suggesting that they are quite reasonable, as the van der Waals energy is the
dominant contribution to the total energy under such conditions.12 Interactions between different
species are governed by Lorentz-Berthelot mixing rules;9 pairwise σ values were determined
through an arithmetic mean, and  values were determined through a geometric mean.
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Partial charges on the atomic centers represent the electrostatics (including self-polarization)
of the MOF crystal structure and were modeled using point charges fit to the potential surface
of gas phase fragments. Charge fitting of the full periodic crystal structure, perhaps a more
appealing alternative,73,74 has recently become viable in many cases;13,74 however, the size of the
42.796 A˚ unit cell makes the computational expense of this calculation prohibitive.
Table 2.1: Force field parameters for PCN-61. Atomic site numbering corresponds
to Figure 2.2, COM refers to the center of mass, and OS are the off atomic site
positions.
Molecule Site σ(A˚) (K) α◦(A˚3) q (e−)
Buch H2 COM 2.96000 34.20000 0.00000 0.0000
BSS H2 COM 3.22930 8.851600 0.00000 -0.7464
BSS H2 H 0.00000 0.000000 0.00000 0.3732
BSS H2 OS 2.34060 4.065900 0.00000 0.0000
BSSP H2 COM 3.15528 12.76532 0.69380 -0.7464
BSSP H2 H 0.00000 0.000000 0.00044 0.3732
BSSP H2 OS 2.37031 2.167260 0.00000 0.0000
PCN-61 Cu 1 3.11400 2.516000 2.19630 1.7155
PCN-61 Cu 2 3.11400 2.516000 2.19630 1.0965
PCN-61 O 3 3.11800 30.19000 0.85200 -0.7740
PCN-61 O 4 3.11800 30.19000 0.85200 -0.7641
PCN-61 C 5 3.43100 52.84000 1.28860 0.8621
PCN-61 C 6 3.43100 52.84000 1.28860 -0.0559
PCN-61 C 7 3.43100 52.84000 1.28860 -0.1051
PCN-61 C 8 3.43100 52.84000 1.28860 -0.2346
PCN-61 H 9 2.57100 22.14000 0.41380 0.1797
PCN-61 H 10 2.57100 22.14000 0.41380 0.1931
PCN-61 C 11 3.43100 52.84000 1.28860 0.2356
PCN-61 C 12 3.43100 52.84000 1.28860 -0.1686
PCN-61 C 13 3.43100 52.84000 1.28860 -0.0483
PCN-61 C 14 3.43100 52.84000 1.28860 0.0748
PCN-61 C 15 3.43100 52.84000 1.28860 -0.1935
PCN-61 H 16 2.57100 22.14000 0.41380 0.1662
The details for calculating the partial charges are as follows. Considering the three cages that
comprise PCN-61, each metal paddle-wheel simultaneously serves as the corner of the triangular
cuboctahedron and tetrahedron windows as well as the square cuboctahedron and octahedron
windows. Similarly, each linker serves as a side of the tetrahedron and octahedron with the tips
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of the linkers joining the cuboctahedral window verticies. Thus, each linker and paddle-wheel is
interchangeable (or equivalent) with/to any other within the crystal structure. Linker symmetry
yielded a total of 16 chemically distinct atoms denoted in Figure 2.2. Fragments were then
selected to isolate these atoms in chemical environments similar to those in the crystal structure.
The addition of hydrogen atoms, where appropriate, was required for chemical termination of the
fragment boundaries. Additional details are provided in the Supporting Information of reference
24.
Determination of partial charges for framework atoms was performed using the 6-31G∗ basis
set that has been shown to yield charges overpolarized for gas phase fragments to represent the
self-polarization of the condensed phase crystalline environment.75 Partial charges were deter-
mined through a least squares fit to the electrostatic potential surface of each fragment with
Hartree-Fock calculations performed using the NWChem simulation package.11 Comparison of
chemically identical atoms among selections, disregarding statistical outliers, yielded very good
agreement between fragments, with standard deviations of less than 0.1 e-. Final values are given
in Table 2.1. The polarization model is implemented such that it only permits the crystal to po-
larize (self-consistently) in response to the sorbates. Note, the crystal site could also be allowed
to self-polarize from the field of its own charges (interacting with each other in the absence of
external forces) if it were parametrized as such.76–78 As implemented, the crystal self-polarization
is accounted for in the partial charges representing its electrostatic potential.13
2.4.2 Many-Body Polarization
An overview of the point atomic polarizability model17–20 is given next. Consider a static electric
field applied to a molecule consisting of N sites (usually chosen as the atomic centers).2 The
induced dipole on this site will be equal to
~µi = αi ~E
stat
i (2.1)
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where αi is the 3×3 site polarizability tensor and ~Estati is the electrostatic field at the site.
The molecular dipole is the sum of the atomic site point dipoles.
~µmol =
∑
i
~µi (2.2)
The dipole can be decomposed into distinct contributions as follows:
~µi = α
◦
i ( ~E
stat
i + ~E
ind
i ) (2.3)
= α◦i ( ~E
stat
i −
N∑
j 6=i
Tij~µj) (2.4)
where α◦i is a point polarizability that can be chosen as a scalar, and Tij is the dipole field
tensor which, when contracted with the dipole ~µj, represents the electrostatic contribution of the
jth atomic dipole toward inducing the ith dipole.
The dipole field tensor18 can be derived from classical electrostatic principles as
Tαβij = ∇α∇β
1
rij
(2.5)
=
δαβ
r3ij
− 3x
αxβ
r5ij
(2.6)
Note, Thole introduced a damped form of the interaction tensor that otherwise can diverge
at short distances–the modified form is presented as part of the iterative solver implementation
presented in the next section.
Equation 2.4 can be most straightforwardly solved by matrix operations as
A~µ = ~Estat (2.7)
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where ~µ and ~Estat are supervectors formed by stacking the system dipole field vectors.2 The
matrix A is constructed from block matrices according to the following:
A = [(α◦i )
−1 + Tij~µj] (2.8)
The advantage to eq 2.8 is that the solution is numerically precise without the additional
complication of iteration and convergence.23 Upon the inversion of A, the molecular polarizability
tensor can be determined by summing the resulting site polarizability tensors on a given molecule
(the total system polarizability is given by summing all the molecular contributions):
ααβmol =
∑
i,j
(A−1ij )
αβ (2.9)
Hence, the most direct way to calculate the system dipoles is through eq 2.8. However, since
inversion of A is computationally efficient for only small systems (the induction contribution
to the energy must be recalculated for each primitive Monte Carlo move), the dipoles are more
efficiently solved for by an iterative method. The iterative method is initiated by providing initial
dipole values taken here as ~µi = α
◦
i
~Estati followed by iterating eq 2.4 until convergence is achieved.
Because straightforward iteration converges slowly, relaxation techniques were employed for much
improved efficiency and are described next below.
The values of the atomic point polarizabilities for the atoms in PCN-61 were taken from a
carefully parametrized set20 that has proven to be surprisingly transferable.2,13,18,20,79,80 Cu2+
was not included in the set, and thus, the polarizability tensor of a small Cu2+ containing MOF
fragment was determined using Hartree-Fock with the aug-cc-pVDZ basis set as implemented in
the Q-Chem code.21 Known values from the transferable set of polarizabilities in ref 20 were then
assigned to the atomic positions, and the copper point polarizability was adjusted within the
polarizability model to a best fit of the ab initio polarizability tensor. More details of obtaining
the Cu2+ parameter can be found in the Supporting Information of reference 24. Note, the BSSP
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hydrogen model was fit separately to produce a highly accurate and transferable H2 model.
23 All
α◦ parameters are presented in Table 2.1.
2.4.3 Iterative Relaxation Methods
To calculate the polarization energy for the system, the dipole field equation for each atomic
dipole vector ~µi was solved self-consistently through an iterative process until a sufficient degree
of precision was obtained.81 Here, the dipoles were considered converged when the change with
subsequent iterations was less than 0.2%. Iterating these equations is the most computation-
ally expensive part of the calculation. To minimize the cost, efficient methods of solving the
dipole field equations were employed. First, a simultaneous relaxation scheme to improve the
convergence rate for the iterative method of solution was implemented:
~µk+1i = γ~µ
k
i + (1− γ)~µk−1i (2.10)
Above, γ is a mixing weight between zero and unity and k is the iteration number.
However, in previous studies81 the Gauss-Seidel relaxation technique,82 used herein, was
found to reduce the number of iterations required for convergence by 2-fold over linear mixing.
The applied Gauss-Seidel numerical iteration method for a slowly converging process consists of
updating the current dipole vector set for the kth iteration step as the new dipole vectors become
available:81
~µki = α
◦
i ( ~E
stat
i −
∑
j 6=i
Tˆij~µ
k−1+ζ
j ) (2.11)
ζ =
 0, if i < j1, if i > j (2.12)
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where Tˆij is the modified dipole field tensor, that accounts for short-range divergences in the
polarization model, defined as81
Tˆαβij =
δαβ
r3ij
[
1−
(
λ2r2ij
2
+ λrij + 1
)
e−λrij
]
− 3x
αxβ
r5ij
[
1−
(
λ3r3ij
6
+
λ2r2ij
2
+ λrij + 1
)
e−λrij
]
(2.13)
where λ is a parameter damping the dipole interactions at regions of discontinuity.17,81
It has been shown that inclusion of a perturbative correction terms results in a dramatic
speed up in convergence of polarization energy (in PCN-61, convergence was achieved after 4
iterations with these methods while approximately 20 iterations would be required with direct
iteration).83,84 For this reason, the PK method,81 based on the work of Palmo and Krimm,83 was
implemented, where the following expression for polarization energy term is applied:
Ukpol = −
1
2
∑
i
~µki · ~Estati −
1
2
∑
i
~µki · ~Ek+1i (2.14)
Thus, the dipole energy is determined from the kth iteration dipoles and the (k + 1)th induced
field.
The dipoles were calculated and subjected to a 21.398 A˚ (half the unit cell length) spherical
cutoff (tests including Wolf direct summation73,85,86 did not significantly change the results).73,87
Since the atomic point charges of the MOF were designed to implicitly include polarization (see
section 2.4.1), MOF-MOF self-polarization was prohibited by excluding MOF/MOF electric field
interactions, and only the induced field interactions between the hydrogen and MOF atoms were
calculated.2 All system dipoles were allowed to interact through an exponentially damped dipole
field tensor subject to the constraint of the spherical cutoff.
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2.4.4 Grand Canonical Monte Carlo
Grand canonical Monte Carlo (GCMC) simulations27 were performed on the hydrogen-MOF
system at 77 K with periodic boundary conditions applied in order to directly compare with re-
ported experimental measurements;2 note, the experimental paper47 does present isosteric heats
of adsorption values calculated from multitemperature measurements, but only a single temper-
ature hydrogen sorption isotherm is reported. GCMC simulation and many-body polarization
were implemented using the Massively Parallel Monte Carlo (MPMC) code,29 an in-house code
that is used in our group (and is now available via Google Code). The potential energy function
for the total system, MOF and sorbate, is described by
U = Urd + Ues + Upol (2.15)
where Urd is the electronic repulsion/dispersion energy through use of the Lennard-Jones
potential, Ues is the electrostatic potential energy calculated by Ewald summation,
73,85,88 and
Upol is the many-body potential energy due to the interaction of the induced dipoles.
Monte Carlo moves were made by selecting a hydrogen molecule at random and perform-
ing a random rigid-body translation and rotation of the molecule.27,28 The Monte Carlo move
was then accepted or rejected based on the Metropolis method. Note, many-body polarization
is computationally expensive to implement. An equilibration time of approximately 500,000
primitive steps (approximately 700 h) on 1 processor was performed; equilibration is not easily
parallelizable. After equilibration, the calculations were performed on the massively parallel
supercomputer Ranger (Teragrid/University of Texas) for 20 h on 256 processors. These long
simulations times are required because a typical many-body polarization simulation run resulted
in a long correlation time of 10,000 Monte Carlo steps.
For hydrogen sorption, the main observable of interest is the average number of hydrogen
molecules sorbed, 〈N〉. This is calculated by sampling of the grand canonical ensemble over
a range of chemical potentials corresponding to the equilibrium pressure of the reservoir. Us-
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ing MPMC,29 the following statistical mechanical expression was numerically calculated using
GCMC:27–29,88
〈N〉 = 1
Ξ
∞∑
N=0
eβµN
{
3N∏
i=1
∫ ∞
−∞
dxi
}
Ne−βUFH(x1,3N ) (2.16)
where Ξ is the partition function and β is the inverse temperature. The chemical potential
of the gas reservoir, µ, was determined for a temperature of 77 K through the BACK equation
of state.89 For the simulations at 77 K, Feynman-Hibbs quantum corrections90 were applied to
the potential to order ~4 via the expression
UFH =
β~2
24µ
(U ′′ +
2
r
U ′) +
β2~4
1152µ2
(
15
r3
U ′ +
4
r
U ′′′ + U ′′′′) (2.17)
The output of GCMC simulation is the absolute amount of hydrogen sorbed, Nabs. Nex, the
amount of sorbed hydrogen in excess of the number of molecules that would occupy the free pore
volume at bulk-gas conditions, is also calculated.45 To make a comparison, the calculation of the
excess amount from the absolute amount is provided by the method of Myers and Monson.45,91
According to Myers and Monson (2002), these properties can be related by the following equation:
Nex = Nabs − Vpρb (2.18)
where Vp is the pore volume and ρb is the bulk phase density. The parameter Vp is usually
obtained experimentally through nitrogen sorption measurements, and this measurement can
also be reproduced by simulation to obtain the pore volume in a consistent fashion. Once the
pore volume is known, it can be used to calculate the excess adsorption ratio, Rex (derived from
the Myers and Monson relation) for hydrogen from the absolute uptake, given by
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Rex = 1000
m(Nads − Vpρb)
M
(2.19)
where m is the molar mass of the sorbate and M is the molar mass of the solid (in our case,
the MOF). The excess hydrogen uptake calculation utilized a pore volume of 59,774.44 A˚3 per
unit cell, which was determined previously for PCN-61.30
The experimental isosteric heat of sorption, Qst, is typically determined by numerical analysis
of two hydrogen sorption isotherms performed at different temperatures.12 The isotherm data
are then processed via curve-fitting or interpolation and the Qst is determined over a range of
densities through a finite-difference approximation to the Clausius-Clapeyron equation:
Qst = −k ∂lnP
∂(1/T )
(2.20)
In GCMC, a more direct statistical mechanical method for calculating Qst is to relate the
isosteric heat to fluctuations of a quantity involving the number of sorbed molecules, N , and the
potential energy, U :54
Qst = −〈NU〉 − 〈N〉〈U〉〈N2〉 − 〈N〉2 + kT (2.21)
Furthermore, the isothermal compressibility, βT = -
1
V
∂V
∂P
, is calculated via fluctuations of
the number of molecules sorbed, 〈N〉, in the grand canonical ensemble through the use of the
statistical mechanical relation:54
βT =
V
kT
〈N2〉 − 〈N〉2
〈N〉2 (2.22)
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Both eqs 2.21 and 2.22 have been implemented in MPMC, and these quantities have been
calculated for the present model of hydrogen in PCN-61.
2.5 Results and Discussion
GCMC simulation of hydrogen sorption in PCN-61 was performed, and the resulting isotherms
are compared to experimental data for the three hydrogen potentials of increasing anisotropy:
here referred to as Buch,22 including only van der Waals interactions using a single Lennard-Jones
potential at the center of mass; BSS, adding charge-quadrupole interactions; and BSSP, further
augmented with explicit many-body polarization.23 The low pressure isotherms are shown in
Figure 2.2. While the Buch model is capable of reproducing the bulk thermodynamic properties
of hydrogen, it perhaps not surprisingly undersorbs in PCN-61 by approximately 28% at 1.0 atm
compared to the experiment. This demonstrates that pure van der Waals interactions are not
sufficient to accurately model hydrogen sorption in PCN-61, even when compared to relatively
insensitive isotherm measurement, where agreement is more a necessary than sufficient test of
a molecular sorption model. The heterogeneous environment, including the polar framework,
provides for interactions that are not represented in the simple van der Waals model.
The BSS model isotherm demonstrates that charge-quadrupole interactions make an impor-
tant contribution to the sorption mechanism. The difference between the weight percent of
hydrogen sorbed at 1.0 atm for the Buch and BSS models is about 0.375 wt %, a significant
percentage of the overall sorption capacity. However, as shown in the figure, the inclusion of
electrostatic charge-quadrupole interactions is not enough to match the experimental isotherm;
the BSS model shows undersorption by approximately 11% at 1.0 atm and similarly for all pres-
sures considered, including the lowest pressures corresponding to the first sites to be occupied,
i.e. the open metals. In contrast, the BSSP model is in outstanding agreement with the exper-
imental isotherm. The weight percents of hydrogen sorbed at 1.0 atm for the experiment and
the BSSP model are equivalent to within the joint uncertainties (the maximum calculated error
is ±0.03 wt % for the modeling). The success of the BSSP model demonstrates that many-body
polarization effects cannot be neglected in modeling MOF/sorbate interactions in structures with
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polar sorption sites such as those presented by accessible metals or charged frameworks. Further,
control simulations have consistently shown that reduced polarizability models such as neglecting
the dipole interaction tensor or only considering first order dipole induced dipole effects are also
inadequate.2,55
Figure 2.3(b) shows the high-pressure (up to 50 atm) isotherms for the excess hydrogen uptake
in PCN-61 for the experiment and the three hydrogen potentials. All three hydrogen potentials
(a)
(b)
Figure 2.3: Hydrogen sorption isotherms in PCN-61 at 77 K for experiment (black), Buch model
(blue), BSS model (green), and BSSP model (red). (a) Low-pressure (up to 1.0 atm) absolute
sorption isotherm. (b) High-pressure (up to 50.0 atm) excess sorption isotherm.
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show good agreement with experimental data when considering the high-pressure isotherms for
the excess hydrogen uptake in PCN-61. However, looking carefully at the low pressure end of
the excess sorption isotherms, it can be seen that the BSSP model is in quantitative agreement
with the experimental isotherm, whereas the Buch and BSS models undersorb. As the number
of sites continue to fill, all three models will have isotherms that will come into line with each
other. Note, this implies that, even if a molecular model reproduces high pressure (saturated)
isotherms, it may be missing the most salient physical sorbate-material interactions and only
captures gross packing properties of the sorbed fluid. In addition, all three models show that
the MOF sorbs about 63 mg/g of excess hydrogen at approximately 33 atm. This agrees very
well with the experimental data at that pressure. Moreover, it corresponds to the approximate
pressure where the experimental excess hydrogen uptake reaches its maximum value and begins
to saturate. At higher pressures, nonspecific interactions become increasingly important as the
MOF acts like a simple container at these pressures.
In order to confirm the validity of the hydrogen modeling in PCN-61, the simulated isosteric
heat of adsorption, Qst, values are compared to those measured experimentally. Figure 2.4(a)
shows the Qst of hydrogen in PCN-61 for the three potentials compared with the experimental
data in the low-pressure range. The Qst values for the three hydrogen potentials were calculated
using eq 2.21 over the statistical mechanical states. As predicted, the Qst data for the BSSP
model was found to be in good agreement with experiment, whereas Qst data for the Buch and
BSS models were not, showing a distinctly different loading dependence. The initial hydrogen Qst
values in PCN-61 are characteristic of physisorption to the metals with values of approximately
6.0 to 6.5 kJ/mol.30 This value steadily decreases as hydrogen uptake in the MOF increases
into less energetically favorable spaces. All three hydrogen potentials show this trend for their
Qst data, which makes sense based upon their low-pressure hydrogen isotherms, but only the
polarizable model shows the initial steep uptake associated with hydrogen/metal interactions.
The isothermal compressibility, βT , of hydrogen in PCN-61 was determined for the three
hydrogen potentials, and the results are shown in Figure 2.4(b). The isothermal compressibility
was calculated using the statistical mechanical relation given in eq 2.22. The βT values for
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the three potentials were also compared to the experimental isothermal compressibility of bulk
hydrogen at two different state points: βT = 0.0015 atm
−1 (200 K/200 atm)92–94 and βT = 0.0020
atm−1 (20 K/1 atm).95 The excess uptake of hydrogen in PCN-61 at 77 K for the three potentials
was plotted on the same graph for comparison. All models show that the βT falls rapidly over
(a)
(b)
Figure 2.4: (a) Isosteric heats of adsorption, Qst, for H2 in PCN-61 are plotted against hydrogen
uptakes corresponding to pressures between 0 and 1.0 atm for experiment (black), Buch model
(blue), BSS model (green), and BSSP model (red). (b) Isothermal compressibility (solid lines),
βT , of hydrogen in PCN-61 at 77 K for Buch model (blue), BSS model (green), and BSSP model
(red) compared to experimental compressibility values of bulk hydrogen at two different state
points. The excess hydrogen uptake isotherms (dashed lines) in PCN-61 at 77 K are also depicted
on the opposite y-axis for comparison.
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a narrow pressure range (0.01-5 atm), and eventually to a value that is characteristic of the
condensed state of hydrogen. Moreover, the figure shows that, for all models, the βT reaches
a minimum of approximately 30 atm when their respective excess sorption isotherms start to
saturate. This provides evidence that the hydrogen approaches a state resembling that of a
bulk liquid or dense fluid as the excess uptake of hydrogen sorbed levels off.12 In addition, this
supports the notion that the sorbed hydrogen condenses into a liquid-like (or dense fluid-like)
state at high pressures due to the close packing of the hydrogen molecules sorbed to the pores
of the MOF.
Furthermore, the results demonstrate that the isothermal compressibility is an important
parameter worth observing to examine the nature of the confined liquid and the ability to increase
hydrogen sorption capacity at higher pressures. Note, while neat hydrogen is well above the
critical temperature, the sorbed hydrogen is a dipolar species in an inhomogeneous environment
with a very different phase diagram. Indeed, the condensation or critical temperature for other
small molecule species, such as CO, in the bulk that have similar magnitude permanent dipoles
is close to 77 K at the 1.0 atm state point considered here.2
Examination of the energetic contributions of hydrogen sorption in PCN-61 shows notable
differences between the models (Figure 2.5(a)). In the case of the BSS model, over 90% of the
total energy was contributed by repulsion/dispersion effects for pressures up to 1.0 atm. In con-
trast, the van der Waals contribution for the BSSP model was only 20% at the low-pressure end
with charge-quadrupole and induction effects contributing 40% each. While repulsion/dispersion
became dominant at approximately 0.05 atm, it increased at a slow incline, finally leveling off to
70% at 1.0 atm.
Energy magnitudes show similar repulsion/dispersion trends for all three models, with the
moderate increase in magnitudes attributable to the addition of charge-quadrupole and many-
body polarization interactions attracting the sorbate molecules closer to the framework (Figure
2.5(b)). The electrostatic interactions of the BSS model show a slow incline, reaching a high of
10,000 K at 1.0 atm, while the BSSP model reaches twice that value at 0.03 atm.
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Low pressure deviation in the energy trends between models demonstrates that induction can-
not be approximated by simple adjustment of extant energetic terms in nonpolar models. Highly
charged unsaturated metal ions make induced dipole interactions vital for accurate simulation.
Additionally, the btei linkers of PCN-61 are relatively nonpolar; inclusion of functionalized link-
(a)
(b)
Figure 2.5: Energy decomposition per H2 molecule for the three models; (a) Percent contribu-
tion of energy components; (b) Energy contributions in Kelvin. Colors indicate H2 potentials
with Buch model (blue), BSS model (green), BSSP model (red). Line type indicates energy
component with solid lines corresponding to van der Waals (vdW) contributions, dashed lines
corresponding to electrostatic (Elec) contributions, and squares corresponding to polarization
(Pol) contributions.
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ers in rht MOFs is likely to produce greater divergences at high pressure. Thus, it is clear that,
even though the BSS model has some implicit polarization because it is fit to the true dimer
surface, the model drastically underestimates even charge-quadrupole effects. It is clear from
the BSSP results that polarization and charge-quadrupole contributions are synergistic. By al-
lowing the hydrogen to polarize, the molecules interact strongly with charged MOF sites like the
metals and this leads to strongly enhanced charge-quadrupole contributions that are much less
important in the BSS model that neglects explicit polarization.
Inspection of the normalized hydrogen populations in PCN-61 via the radial distribution
about the exterior copper ion, labeled Cu 1 in Figure 2.2, shows nearly identical hydrogen
occupancy for the Buch and BSS models at 0.01 atm (Figure 2.6(a)). The closest copper-
sorbate interaction peak for these models occurred at approximately 5 A˚ . Inclusion of induction,
however, causes significant deviation, most notably in the form of a dominant peak at 2.5 A˚
corresponding to sorption directly onto the copper ion–this result is consistent with the Qst
values at this loading. Examination of the systems coordinates reveals a T-shape conformation
for the copper/hydrogen interaction with the center of mass site in closest proximity to the metal
(Figure 2.6(b)). This sorption interaction is comparable to those seen in HKUST-1 (a MOF
with 1,3,5-benzenetricarboxylic acid ligands linked to copper paddlewheel units) via inelastic
neutron scattering,96,97 where a copper-hydrogen distance of 2.39 A˚ was observed.96 Further,
ab initio simulation studies of the HKUST-1/hydrogen interaction indicate that the same T-
shaped sorption mechanism was at work.97 Note, classical simulation is able to accurately capture
the structure and energetics of sorbate interactions with open metal sites by including explicit
polarization.67,68,76,77 This allows the modeling of complex systems for applications that include
small molecules in MOFs such as separations, catalysis, and sensing.69,70 Being able to establish
such candidate structures also permits the use of high level ab initio calculations on predetermined
geometries of sorbate-metal complexes to examine catalytic or sensing events in greater chemical
detail than would be possible if such prohibitively expensive electronic structure methods were
required to search the available phase space for sorption or initiation sites.
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(a)
(b) (c) (d)
Figure 2.6: (a) Radial distribution about the exterior Cu ion at 0.01 atm (left), 0.70 atm
(right) and 30.0 atm (inset) for Buch model (blue), BSS model (green), and BSSP model (red)
(b) Molecular illustration of the T-shaped configuration between the BSSP hydrogen molecules
(orange) and the exterior Cu ion, correlating to the 2.5 A˚ radial distribution peak. Hydrogen
sorption studies in HKUST-1 revealed similar Cu-H2 distances and orientations to those seen
in the BSSP model.96,97 (c) Molecular illustration of the shifted position of the BSS nonpolar
model (blue) correlating to the 3.0 A˚ peak at 0.70 atm.(d) Molecular illustration of the position
of a hydrogen molecule (yellow) correlating to the 5.0 A˚ peak seen for all models. Atom colors:
C = green, H = white, O = red, Cu = black
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It is important to note that significant sorption onto the interior Cu ion, labeled Cu 2 in
Figure 2.2, is not observed in PCN-61 for any model. Possible reasons for this difference lie
in the disparity of partial charges, as the exterior Cu ion has an approximately 0.6 e- increase
in charge over the interior Cu ion in the present model. In addition, the interior Cu is in
a less favorable chemical environment. The exterior Cu ion forms the interior joints of the
approximately 10 A˚ across the cuboctahedral cage, while the interior Cu ion projects into the
more spacious truncated tetrahedral and truncated octahedral cages.
As the MOF loads at 0.70 atm, the BSS model deviates from the Buch model sorption with
a peak representing a distance of 3.0 A˚ from the exterior Cu ion; otherwise, the distributions
remain similar. The orientation of the BSS hydrogen molecules corresponding to the 3.0 A˚ peak
at 0.70 atm can be seen as a shifted position from the open metal sites relative to the T-shaped
configuration (Figure 2.6(c)). The BSSP model remains distinct, with the peak representing
hydrogen molecules approximately 2.5 A˚ from the metal ion. At 30 atm, the pressure increase
enhances the importance of short-range repulsive interactions, as the MOF acts more like a
simple container; all three models give increasingly similar hydrogen distributions with increased
pressure. It is noteworthy that the BSSP model is distinct in having the dominant peak at 2.5 A˚
while the BSS model shows a peak at 3 A˚. Note, the Buch model also displays occupancy in the
3 A˚ range; this manifests as a broadening of the 5 A˚ peak rather than the formation of a new
site. All three models show a peak at 5.0 A˚ in their radial distribution functions at all pressures,
and this corresponds to occupancy at the sides of the Cu paddlewheels (Figure 2.6(d)). The
occupation at this site is low for the BSSP model, especially at low pressures, indicating that
induced dipole energetics do not contribute greatly to sorption at this site.
Plotting the normalized distribution of dipoles induced in the polarizable BSSP model (Figure
2.5) reveals the presence of three distinct dipolar hydrogen populations forming peaks at approx-
imately 0.35, 0.07, and 0.03 D. Correlating these peaks to regions of occupancy inside PCN-61
(Figure 2.8(a)) reveals that the highest dipole magnitudes (0.35 D peak) correspond to sorption
onto the exterior Cu open metal site, which is consistent with the 2.5 A˚ radial distribution peak.
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Figure 2.7: Normalized BSSP model hydrogen dipole distribution at various pressures
The absence of any significant sorption at this site for the Buch and BSS models can be
explained by the dominance of the relatively high induced dipole potential in motivating the
hydrogen/open metal site interaction. Further, these dipole distributions explain the energetic
deviation between hydrogen models at low pressures. Exterior Cu sites, dominated by electro-
statics and induction, are the first to fill. As these sites become saturated, sites dominated by van
der Waals interactions load. The energetic contribution of the numerically inferior copper sites
is overwhelmed by these secondary interactions, causing van der Waals interactions to dominate
at pressures higher than 0.05 atm.
Localization of the secondary dipole peak (0.07 D) yielded sorption onto the verticies of
the metal paddlewheels, particularly in the corners of the truncated tetrahedral and truncated
octahedral cages (Figure 2.8(b)). These sorption sites also show occupation for the Buch and BSS
models. The truncated tetrahedron site correlates to the 5 A˚ peak seen in the radial distribution
for all three models. This indicates lesser significance of the induction energetic contribution, as
expected from the relatively weak dipole magnitudes. For the tertiary peak (0.03 D), no new
sorption sites were identified, as dipoles of these magnitudes were found crowding into the more
favorable 0.07 D sites (Figure 2.8(c)).
It is important to note that while the only significant occupation in the cuboctahedral cage
is sorbed directly onto the open metal site, those few hydrogen molecules with dipoles between
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(a) 0.35 to 0.50 Debye
(b) 0.05 to 0.10 Debye
(c) 0.00 to 0.05 Debye
Figure 2.8: 3-D histograms of hydrogen sorption in PCN-61 at 0.02 atm showing the sites of
hydrogen sorption (blue) for low loadings as a function of induced dipole magnitude: (a) 0.35–
0.50 Debye (b) 0.05–0.10 Debye (c) 0.00–0.05 Debye. Atom colors: C = green, H = white, O =
red, Cu = black
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0.10 and 0.25 D correspond almost exclusively to sorption onto the walls of the cuboctaheral
cage. Low occupancy indicates that, despite higher dipoles, the 0.07 D peak displays energetic
favorability as a result of charge-quadrupole and repulsion/dispersion mechanisms.
2.6 Conclusions
The results from this study show that the inclusion of many-body polarization has a major ef-
fect on the sorption of hydrogen in PCN-61, especially considering the strong hydrogen/metal
interactions that dominate at low pressures. Explicitly including the effects of many-body po-
larization is critical for the accurate simulation of hydrogen and other sorbates uptake in such
MOFs that include charged or highly polar interaction sites.2,12,23 Specifically, the inclusion of
induction for both MOF and hydrogen potentials helped produce a hydrogen sorption isotherm
and associated Qst value in excellent agreement with experiment, while otherwise reasonable hy-
drogen potential models fail to capture essential interactions. Moreover, the radial distribution
function shows that the inclusion of many-body polarization completely changes the mechanism
of hydrogen sorption in the framework, enhances charge-quadrupole interactions, and directs the
dominant sorption phase space. Molecular simulation was also used to determine the favorable
sites of hydrogen sorption in the framework. In particular, three favorable sites were identified:
the open metal site located in the cuboctahedron, the corner of the truncated tetrahedron, and
the corner of the truncated octahedron. GCMC simulation of hydrogen sorption in PCN-61 has
also added insight into the isothermal compressibility of hydrogen in the MOF, as the results
reveal that, at saturation, under high-pressure conditions, the state of hydrogen is characteristic
of a liquid or dense fluid.
rht-type metal–organic frameworks have been shown to be promising for hydrogen storage
due to their open metal sites, high surface area, and relatively small cuboctahedral pores.1,35
The presence of open metal sites increases hydrogen sorption, as hydrogen molecules first bind
to those polarizing sites upon initial loading. Additionally, high dipoles induced in the sorbed
hydrogen cause these molecules to become secondary sorption sites. Small pores in the frame-
work would enhance MOF-hydrogen interactions because they would allow hydrogen to interact
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with more atoms simultaneously. The implications of these results also extend beyond hydrogen
sorption. High dipoles induced in the copper sorbed hydrogen indicate the potential to use the
rht open-metal sites as catalytic centers. The potential for the creation of variant structures via
substitution of copper for other catalytically active metal ions makes this a promising avenue of
investigation. PCN-61 is one of the few MOFs that have this promising rht topology. Next, it is
planned to use similar methods to investigate hydrogen sorption in other rht MOFs, such as the
recently reported Cu-TPBTM.31 This MOF was synthesized using a flexible C3 hexacarboxylate
ligand with amide functional groups. It would be predicted that the presence of these polar
–CONH- groups will increase hydrogen uptake in the MOF, which is in contrast to what was ob-
served in PCN-61. Further, it is planned to study sorption of other gases such as CO2, CH4, and
N2 in PCN-61 and other rht-type MOFs. This will be investigated using accurate and transfer-
able anisotropic many-body potentials of these molecules, which are currently being developed
by our group.66 As shown in the experimental studies,30 it is predicted that CO2 sorption in
PCN-61 will be very strong because of the significantly higher molecular quadrupole and polar-
izability of CO2.
2 In addition, once accurate and transferable potentials of other sorbates have
been developed, an especially interesting pursuit would be the exploration of selective separation
of gas mixtures. Ultimately, including many-body polarization in the molecular simulation of
MOFs can give an accurate physical insight into the mechanism of gas storage.
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Chapter 3
Understanding Hydrogen Sorption in a Metal–Organic Framework with
Open-Metal Sites and Amide Functional Groups
3.1 Note to Reader
This chapter contains previously published content. Reprinted with permission from J. Phys.
Chem. C, 2013, 117 (18), 9340–9354. Copyright c© (2013) American Chemical Society. (see
Appendix A)
3.2 Abstract
Grand canonical Monte Carlo (GCMC) studies of the mechanism of hydrogen sorption in an rht-
MOF known as Cu-TPBTM are presented. The MOF is a decorated/substituted isostructural
analogue to the unembellished rht-MOF, PCN-61, that was studied previously [Forrest et al.,
J. Phys. Chem. C 2012, 116, 15538–15549.]. The simulations were performed using three
different hydrogen potentials of increasing complexity. Simulated hydrogen sorption isotherms
and calculated isosteric heat of adsorption, Qst, values were in excellent agreement with the
reported experimental data for only a polarizable model in one of four experimentally observed
crystal structure configurations. The study demonstrates the ability of modeling to distinguish
the differential sorption of distinct strucures; one configuration is found to be dominant due
to favorable interactions with substrates. In addition, it was discovered that the presence of
polar amide groups had a significant effect on the electrostatics of the Cu2+ ions and directs the
low-pressure physisorption of hydrogen in the MOF. This is in contrast to what was observed in
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PCN-61, where an exterior copper ion had a higher relative charge and was the favored loading
site. This tunability of the electrostatics of the copper ions via chemical substitution on the
MOF framework can be explained by the presence of the negatively charged oxygen atom of
the amide group that causes the interior Cu2+ ion to exhibit a higher positive charge through
an inductive effect. Further, control simulations, taking advantage of the flexibility afforded
by theoretical modeling, include artificially modified charges for both Cu2+ ions chosen equal
or to with a higher charge on the exterior Cu2+ ion. This choice resulted in distinctly different
hydrogen sorption characteristics in Cu-TPBTM with no direct sorption on the open-metal sites.
Thus, this study demonstrates both the tunable nature of MOF platforms and the possibility
for rational design of sorption/catalytic sites and characteristics through the active interplay of
theory and experiment. The ability of accurate, carefully parameterized and transferable force
fields to model and predict small molecule sorption in MOFs, even including open-metal sites, is
demonstrated.
3.3 Introduction
Molecular hydrogen, H2, is greatly recognized as a clean alternative fuel, it has a relatively high
energy capacity and the combustion of hydrogen in an engine or fuel cell releases only water as
a byproduct.41 The ultimate U.S. Department of Energy (DOE) target for a potential on-board
hydrogen storage system at near-ambient temperatures and pressures (e.g. 298 K and 100 atm)
is 7.5 wt% (0.075 kg/kg) or 0.070 kg/L.98 In addition to raw uptake capacity, the storage system
and fueling cost must be low, and the hydrogen uptake process must be totally reversible with
the recharging of hydrogen being completed within a few minutes, comparable to the use of
liquid fuels such as diesel or gasoline. Porous materials that physisorb hydrogen seems to offer
the greatest advantage as a hydrogen storage system since they can sorb a considerable amount
of hydrogen in the pores as well as having a fast charge-recharge process.
Metal–organic frameworks (MOFs) are crystalline compounds that have been shown to be
promising for applications in hydrogen storage.41,43,44 MOFs represent a group of periodic struc-
tures that are composed of organic linkers coordinated to metal ions.99 They can be synthesized
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to have large surface areas and can be assembled from molecular building blocks (MBB) with
desired/tunable chemical functionality.5 This building block approach35,46 has led to the design
and synthesis of a highly successful platform of MOFs, known as rht-MOFs.30–32,34,35,47–51,100,101
These MOFs have an rht topology (rht stands for “rhombicuboctahedron”), which is charac-
terized by having 24 edges of a cuboctahedron connecting with a linker having C3 symmetry.
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Such linkers are hexatopic and it consists of three coplanar isophthalate-based moieties.30,47
When these rht-MOFs are synthesized, the resulting framework consists of three distinct cages
(cuboctahedron, truncated tetrahedron, and truncated octahedron), a feature that makes them
different from other MOF platforms. rht-MOFs are promising because they have high surface
areas and contains open metal sites and tunable pores (size and functionality).
Computational studies involving both electronic structure methods and molecular mechanics,
in addition to inelastic neutron scattering and X-ray diffraction studies have added insights to
MOFs and the mechanism of hydrogen sorption.41,43 Recently, computational studies involving
Grand canonical Monte Carlo (GCMC) methods were performed to investigate hydrogen sorption
in an rht-MOF known as PCN-61.24 PCN-61 (PCN stands for porous coordination network)
is a rht-MOF composed of 5,5′,5′′-benzene-1,3,5-triyltris(1-ethynl-2-isophthalate) (btei) linkers
coordinated to Cu2+ ions.30,47 The MOF has an estimated a BET surface area of 3000 m2g−1
(Langmuir surface area = 3500 m2g−1) and a pore volume of 1.36 cm3g−1. Experimental studies
have shown that PCN-61 has a hydrogen uptake of 2.25 wt% at 77 K and 1.0 atm. Note, although
the DOE targets for hydrogen storage are for systems operating at near-ambient temperatures
and pressures, the hydrogen uptake values at 77 K and 1.0 atm have been widely investigated and
commonly used as benchmarks to compare the hydrogen uptake capacities of different MOFs.41,44
In the computational studies,24 hydrogen sorption in PCN-61 was simulated using three dif-
ferent hydrogen potentials of increasing anisotropy to investigate the effects that van der Waals
repulsion/dispersion interactions, charge-quadrupole interactions, and many-body polarization
effects have on the physisorption of hydrogen in this MOF. The three hydrogen potentials are
known as Buch,22 BSS,23 and BSSP,23 respectively. It was shown that the simulated hydro-
gen sorption isotherms and associated isosteric heats of adsorption, Qst, were in quantitative
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agreement with experiment only for the model with explicit polarization.24 Furthermore, the
inclusion of many-body polarization affected the H2 molecule orientation and distance about the
open-metal sites and enhanced charge-quadrupole interactions. Analysis of the 3-D histrograms
inside PCN-61 revealed three distinct dipolar hydrogen populations for the polarizable model:
the open metal site located in the cuboctahedron, the corner of the truncated tetrahedron, and
(a) (b)
(c)
Figure 3.1: Molecular view of Cu-TPBTM. (a) TPBTM linker. (b) Side view of unit cell. (c)
Corner view of unit cell. Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
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the corner of the truncated octahedron. A key result from the study showed that many-body
polarization cannot be neglected when considering high-density hydrogen interacting with highly
polar MOFs. Moreover, it was demonstrated that many-body polarization had a major effect
on the sorption of hydrogen in PCN-61 and correctly describes the interactions between the
hydrogen molecules and the open-metal sites.24,67,68
In this study, we use similar GCMC methods to investigate hydrogen sorption in a decorated
isostructural analogue of PCN-61, known as Cu-TPBTM (Figure 3.1).31 This rht-MOF was con-
structed with N ,N ′N ′′-tris(isophthalyl)-1,3,5-benzenetricarboxamide (TPBTM) as the organic
linker. The linker in Cu-TPBTM contains amide functional groups in place of alkyne groups that
were seen in PCN-61. Cu-TPBTM has an estimated BET surface area of 3160 m2g−1 (Langmuir
surface area = 3570 m2g−1) and a pore volume of 1.27 cm3g−1. This MOF was shown to have
one of the highest uptakes for CO2 sorption. Recently, we chose PCN-61 for the computational
studies due to the potential utility of rht-MOFs and as the use of a prototype structure for
baseline computational studies.24 In this study, Cu-TPBTM was chosen to investigate the effects
that a polar functional group on the organic linker has on the physisorption of hydrogen in rht-
MOFs. Specifically, the effect of substituting a nonpolar functional group with a polar functional
group on hydrogen sorption in a rht-MOF (from alkyne in PCN-61 to amide in Cu-TPBTM)
will be addressed. Further, these studies represent a systematic approach to understanding small
molecule sorption in chemically tunable MOFs that promote strong intermolecular interactions
(with open-metal sites and polar frameworks). Thus, such MOFs offer a challenge for theoretical
experimental cooperation in design, evaluation and modification of candidate MOF platforms.
Evaluating Cu-TPBTM thus serves the dual purpose of investigating H2 storage mechanisms in
a MOF sorption system that is well characterized and amenable to careful modeling.
Herein, we report results of experimental hydrogen sorption studies in Cu-TPBTM that in-
cludes low-pressure absolute sorption isotherms and Qst values. The experimental low-pressure
hydrogen sorption isotherm of Cu-TPBTM shows that the MOF is capable of sorbing 2.61 wt%
at 77 K and 1.0 atm. It is not surprising that Cu-TPBTM sorbs more H2 than PCN-61 at
low-pressures because the presence of the polar amide groups in the MOF enhances H2 binding
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affinity. In addition, Cu-TPBTM exhibits a smaller unit cell length than PCN-61 (42.153 A˚ vs.
42.796 A˚), which leads to narrower pore sizes. Smaller pore sizes would allow the molecules to
interact with more atoms of the framework simultaneously.24,30,38 Like PCN-61, it is shown herein
that many-body polarization has a major effect on hydrogen sorption in Cu-TPBTM as well.
However, the results obtained for Cu-TPBTM extend beyond the necessity to include polariza-
tion for modeling hydrogen sorption in highly charged/polar MOFs. A total of four different
configurations were observed in the crystal structure of Cu-TPBTM that alter only in the orien-
tation of the central aromatic ring and the amide group of the linker. This study demonstrates
that one of the configurations is much more favorable towards hydrogen sorption than the others
due to both steric and electrostatic effects. Further, empirical measurements were quantitatively
reproduced in only one of the experimentally observed configurations. This strongly suggests
that hydrogen sorption induces the crystal to dynamically adopt the configuration favorable to
sorption.
Further, it was observed that the presence of the amide groups in Cu-TPBTM changes the
electrostatic nature of the Cu2+ ions of the Cu paddlewheels relative to PCN-61. In PCN-61,
it was shown that the exterior Cu2+ ion (the ion furthest from the center of the linker) had
the higher charge of the two Cu2+ ions.24 In contrast, the presence of the electronegative oxygen
atom of the amide group on the linker in Cu-TPBTM causes the interior Cu2+ ion (the ion closest
to the center of the linker) to exhibit the higher positive charge, and also causes the charge of
the exterior Cu2+ ion to decrease. As a result, the mechanism of hydrogen sorption in the MOF
changes and a different initial sorption site was observed. It was demonstrated in our studies
on PCN-61 and Cu-TPBTM that substituting one moiety in the organic linker of an rht-MOF
changes the initial binding site for hydrogen sorption. This leads to the potential for rational
design in synthesis where one can control which site the sorbate binds to upon initial loading by
making a simple chemical modification.
Furthermore, control simulations were performed to assess the importance of having a highly
accurate and transferable force field for the MOF and sorbates to describe the correct sorption
behavior upon simulation with many-body polarization effects. Although the interior Cu2+
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ion was calculated to have the higher charge of the two Cu2+ ions from quantum-mechanical
calculations, the simulations were also performed in situations where the Cu2+ ions were the
same charge and where the exterior Cu2+ ion had the higher charge. It was shown that the
simulations involving these test cases did not capture the sorption of hydrogen onto the open-
metal site in Cu-TPBTM.
3.4 Computational Methods
3.4.1 Simulation Parameters
Analysis of the crystallographic structure of Cu-TPBTM at room temperature revealed two dis-
tinct configurations of the framework: A and B (Figure 3.2).31 These two configurations differ in
the position of the atoms in the amide group and the central aromatic ring of the TPBTM linker
and corresponding collective puckering of the rings shown in Figure 3.2. The parameterizations
and simulations were performed on both of these configurations of the framework and the cor-
responding results are shown herein. It will be demonstrated that simulating configuration A
alone reproduces the observed H2 sorption in Cu-TPBTM. Note, in configuration A, the amide
oxygen atom is positioned closer to the interior Cu2+ ion of the Cu paddlewheel. The close dis-
tance between the amide oxygen atom and the interior Cu2+ ion, as seen in this configuration, is
required for stabilizing a favorable interaction between the hydrogen molecules and the interior
Cu2+ ion.
The crystal structure of as-synthesized Cu-TPBTM was also taken at 100 K. At this colder
temperature, the MOF was also observed in two different configurations. One of the config-
urations, denoted herein as configuration C, had a similar amide oxygen atom orientation as
configuration A, although it had a different puckering of the central aromatic ring of the linker.
The other, denoted configuration D, can be characterized with the same displacement of the
central aromatic ring as configuration A, but with a different amide oxygen atom orientation,
similar to that observed in configuration B. Moreover, the crystal structure of Cu-TPBTM is
slightly contracted at lower temperatures compared to the room temperature structure, with a
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Figure 3.2: TPBTM linker showing the two configurations (A and B) of Cu-TPBTM. The glossy
atoms correspond to configuration B. Atom colors: C = cyan, H = white, N = blue, O = red.
unit cell length of 42.075 A˚. This diminution of scale does not lead to favorable electrostatics
that are required for the observed sorbate uptake in this MOF. Thus, the modeling results in
configurations C and D are not shown. More details on these two configurations are provided
later in the text and in the Supporting Information of Ref 102.
For the purpose of simulation, the MOF-H2 interaction energy was decomposed into three
components: repulsion/dispersion, permanant electrostatics, and polarization effects. These
were modeled by the Lennard Jones 12-6 potential, partial charges with Ewald summation,88
and Thole-Applequist many-body polarization,17,18 respectively. Note, long-range corrections
were applied to all terms of the potential due to the finite size of the simulation box. The long-
range contribution to the Lennard-Jones potential was implemented using a previously reported
procedure.103 Long-range electrostatic interactions was handled by performing full Ewald sum-
mation, and long-range polarization was implemented using the shifted-field formula according
to Wolf et al.86 Intramolecular interactions for both the framework and the hydrogen potentials
were constrained to rigid internal geometries. The total potential energy, U , for the system is
described by
U = Urd + Ues + Upol (3.1)
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where Urd, Ues, and Upol are the repulsion/dispersion, electrostatic, and polarization energy
contributions, respectively. For the simulations at low temperatures (e.g. 77 K), quantum
corrections were implemented through the fourth order Feynman-Hibbs correction according to
the following equation90
UFH =
β~2
24µ
(
U ′′ +
2
r
U ′
)
+
β2~4
1152µ2
(
15
r3
U ′ +
4
r
U ′′′ + U ′′′′
)
(3.2)
where β represents the quantity 1/kT (T is the temperature, and k is the Boltzmann con-
stant), ~ is the reduced Planck’s constant, µ represents the chemical potential of the reservoir,
which was determined through the BACK equation of state,89 and the primes indicate differen-
tiation with respect to pair separation r.
For both configurations A and B of Cu-TPBTM, the atomic parameters for repulsion/dispersion
interactions were provided by the Universal Force Field,9 which has been shown to produce
good results in MOF-sorbate studies in general2,12,13,55,71,72 and rht-MOFs in particular.24,104
The values for the Lennard-Jones parameters used in this study can be found in the Supporting
Information of Ref 102.
Charge-quadrupole interactions were parameterized by point partial charges localized on the
atomic positions. Twenty-four atoms in chemically distinct environments were identified within
the Cu-TPBTM unit cell (Figure 3.3). A series of representational fragments were selected
to examine these atoms in environments chemically similar to the MOF conditions. Chemical
termination of fragments was achieved by the addition of hydrogen atoms as needed. Note, the
two Cu2+ ions that are part of the metal paddlewheel are indeed chemically distinct, as the
carboxylate carbon-carbon bond (the bond between atoms 7 and 9 in Figure 3.3) cannot rotate
freely in the MOF. Previous simulation studies on rht-MOFs104,105 did not treat these ions as
chemically distinct in their force field. Rather, these studies treated these chemically inequivalent
Cu2+ ions to be identical, with the same partial charge; the two Cu2+ ions in rht-MOFs are in
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Figure 3.3: Chemically distinct atoms in Cu-TPBTM defining the numbering system correspond-
ing to Table 3.1. Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
chemically distinguishable environments and if they are not treated as so within the force field,
it can lead to inaccurate or difficult to interpret results.
The MOF partial charges were derived from the electrostatic potential surface of gas phase
fragments using a least squares fit approach73,106,107 to localize charges on the atomic positions
that are capable of reproducing the potential at a large number of points along the surface. For
this, Hartree-Fock calculations were implemented using the NWChem ab initio simulation soft-
ware.11 The 6-31G∗ basis set was used for all first and second row atoms, as the over-polarization
of gas phase fragments produced by this basis has been shown to conveniently produce values
leading to inclusion of effective polarization effects from condensed phase media.75 The Cu2+ ions
were treated with the LANL214–16 double zeta effective core potential basis set; this basis set
was used to effectively describe the nucleus of many-electron atoms for previous MOF–sorbate
simulation studies.2,104
Comparison of the resultant partial charges between candidate fragments for chemically iso-
lated atoms, neglecting terminal atoms, exibited an unusually high degree of variation. Note,
it is generally possible to derive partial charges from the electronic structure of the full crys-
tal structure, but the large unit cell of rht-MOFs makes this computationally prohibititve.73,87
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Figure 3.4: An example of a fragment of Cu-TPBTM that exhibits a higher charge magnitude
on the interior Cu2+ ion (atom label 1 in Figure 3.3) through electronic structure calculations.
The circled functional group provides the proximal amide functionality required for the proper
charge distribution about the chemically distinct Cu2+ ions. Atom colors: C = cyan, H = white,
N = blue, O = red, Cu = tan.
Further, constructing representative fragments can lead to useful chemical insights into MOF
electonics as it did in this case. Most notably, the Cu2+ ions, labeled atoms 1 and 2 in Figure
3.3, alternated charges with the former having the higher charge in many fragments and the
latter dominating in the rest. In situations where two or more Cu paddlewheels were included
in the fragment, both cases often occured simultaneously if like atoms were not constrained to
equality. Further extensive examination of a large number of fragments yielded the origin of the
deviation; a representative fragment is shown in Figure 3.4 and the remaining in the Supporting
Information of Ref 102. It was discovered that the presence of the amide group causes the inte-
rior Cu2+ ion to increase in charge while the charge of the exterior Cu2+ ion diminished. This
charge flip, however, is only observed if the carbonyl oxygen atom is on the same side as the
Cu paddlewheel (Figure 3.4). Otherwise, the charge of the interior Cu2+ ion does not increase.
Comparison of fragments with the amide oxygen atoms in position for all Cu2+ ions produced
excellent agreement among charges in a number of fragments for both configurations A and B of
Cu-TPBTM. The partial charges used in GCMC simulations for the chemically distinct atoms
in both configurations of Cu-TPBTM are listed in Table 3.1. Most of the disparity in the partial
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Atom Label A q (e−) B q (e−)
Cu 1 1.2292 1.1809
Cu 2 0.9902 1.0033
O 3 -0.7320 -0.7230
O 4 -0.7445 -0.7248
O 5 -0.7234 -0.7581
O 6 -0.7590 -0.7338
C 7 0.9687 0.9103
C 8 0.9837 0.9658
C 9 -0.1884 -0.3377
C 10 -0.1542 -0.0173
C 11 -0.0947 -0.2241
C 12 -0.1732 -0.1032
H 13 0.2136 0.2334
H 14 0.1923 0.2567
C 15 -0.0706 -0.1869
H 16 0.1994 0.2183
C 17 0.1497 0.3603
N 18 -0.1989 -0.6116
H 19 0.2098 0.3097
O 20 -0.6582 -0.6607
C 21 0.4696 0.8546
C 22 0.0916 -0.3441
C 23 -0.2630 0.1413
H 24 0.1720 0.0828
Table 3.1: Comparison of partial charges between configurations A and B in Cu-TPBTM. Label
of atoms corresponds to Figure 3.3.
charges between the two configurations lies between the atoms found within the amide group
and the central ring of the linker.
In addition to emphasizing the importance of evaluating multiple fragments for partial charge
determination, the dependency of the copper charges in the presence of the oxygen atom of the
amide suggests the possibility of a distinct H2 sorption mechanism in Cu-TPBTM as compared
to PCN-61. Note, in PCN-61, the electronic structure calculations on a variety of fragments
showed that the exterior Cu2+ ion exhibited the higher positive charge of the two copper ions.24
In Cu-TPBTM, the presence of the amide functional group causes the electrostatics of the Cu2+
ions to change, as the interior Cu2+ ion becomes the more positively charged species in this
MOF.
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In the previous work on PCN-61,24 all electronic structure calculations on the molecular
fragments of PCN-61 was performed using the 6-31G∗ basis set for all species, including the
Cu2+ ions. The partial charges for the chemically distinct atoms in PCN-61 were determined
again using the LANL2DZ ECP basis set for the Cu2+ ions while treating all other atoms at the
6-31G∗ level. This was done in order to provide a definite comparison to the results obtained
in Cu-TPBTM. The partial charges that were calculated for PCN-61 using this scheme were
comparable to ones calculated previously, although the magnitudes of the charges of the Cu2+
ions decreased (see Table S9). However, the difference in magnitudes between the charges of the
two Cu2+ ions were similar. Simulation of hydrogen sorption was performed on PCN-61 using
the new set of charges at a few state points for only the polarizable model. The uptakes, the
initial Qst, the radial distribution functions, and the three-dimensional histograms for this model
were functionally indistinguishable from that reported in the previous work (see Supporting
Information of Ref 102).
Many-body polarization effects were parameterized by atomic point polarizabilities fit to a
Thole-Applequist type model.17,18,20 A brief overview is given in the Supporting Information
of Ref 102. The atomic point polarizabilities for first and second row elements used a set of
carefully parameterized empirical values that were shown to be highly transferable.2,13,18,20,24,79,80
Thus, these atoms were given the exponential polarizabilities and associated damping parameter
provided by the work of van Duijnen et al.20 The Cu2+ parameter was determined in previous
work and produced excellent results in simulations of PCN-61.24 The values for the atomic point
polarizabilities used in this study can be found in the Supporting Information of Ref 102. Note, in
our simulations, the MOF partial charges are overpolarized so no self-polarization is permitted.24
3.4.2 Hydrogen Potentials
Three hydrogen potential energy functions of increasing chemical accuracy were used in order to
illustrate the essential physical interactions and associated potential energy terms required for
accurate modeling of the hydrogen sorption mechanism in Cu-TPBTM. Thus, these hydrogen
potentials were used to assess the importance of van der Waals repulsion/dispersion, charge-
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Model Site r(A˚) (K) σ(A˚) q (e−) α◦(A˚3)
Buch H2G 0.00000 34.20000 2.96000 0.0000 0.00000
H2G 0.00000 8.85160 3.22930 -0.7464 0.00000
H2E -0.37100 0.00000 0.00000 0.3732 0.00000
BSS H2E 0.37100 0.00000 0.00000 0.3732 0.00000
H2N -0.32900 4.06590 2.34060 0.0000 0.00000
H2N 0.32900 4.06590 2.34060 0.0000 0.00000
H2G 0.00000 12.76532 3.15528 -0.7464 0.69380
H2E -0.37100 0.00000 0.00000 0.3732 0.00044
BSSP H2E 0.37100 0.00000 0.00000 0.3732 0.00044
H2N -0.36300 2.16726 2.37031 0.0000 0.00000
H2N 0.36300 2.16726 2.37031 0.0000 0.00000
Table 3.2: Parameters used to characterize the Buch, BSS, and BSSP models. H2G corresponds
to the center-of-mass (median) site, H2E corresponds to the true atomic locations, and H2N
corresponds to the Lennard-Jones off-site.
quadrupole, and many-body polarization interactions in the simulation of hydrogen sorption in a
heterogeneous environment such as a charged/polar MOF. The parameters for all three hydrogen
potentials can be found in Table 3.2.
The first, here designated Buch,22 is a single site model that includes only explicit repul-
sive/dispersive interaction terms with all other contributions implicitly approximated in a mean
field fashion. While effective for bulk simulations, in heterogeneous (charged and polarizable)
materials, where sorption mechanisms have greater dependency on electrostatic interactions,
undersorption is typically observed.24 It is used herein as a control model.
The Belof Stern Space (BSS) model23 includes explicit repulsion/dispersion and charge-
quadrupole interaction parameters, with the latter on the atomic and median positions and
the former on the median and sites localized 0.329 A˚ from the center extending along the C∞
axis. Polarization is included as an implicit effect through capturing pair energetics in the gas
phase, and this model reproduces bulk hydrogen data as well as accurate sorption in nonpolar
MOFs.12,23 Sorption in charged/polar MOFs using this model, however, is not well represented,
as this model fails to describe the correct sorbate interactions in MOFs with open metal sites.24
The Belof Stern Space Polar (BSSP) model23 is an analogue of the BSS model with explict
atomic point polarizabilities on the atomic and median positions. In this model, the off-site
Lennard Jones parameters shift out to 0.363 A˚ from the median. This model has produced
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resonable results for bulk (including dense, high pressure) hydrogen and sorption in both nonpolar
and polar MOFs.2,23,24
3.4.3 Grand Canonical Monte Carlo
Hydrogen sorption in Cu-TPBTM at 77 K, 87 K, and 298 K was simulated using GCMC methods,
implemented in the Massively Parallel Monte Carlo (MPMC) code,29 an in-house code that is
used in our research group and is now available for download on Google Code. Periodic boundary
conditions were applied in order to approximate an infinitely extended periodic lattice.
The average particle number was calculated via the grand canonical ensemble using the
following expression:8,28
〈N〉 = 1
Ξ
∞∑
N=0
eβµN
{
3N∏
i=1
∫ ∞
−∞
dxi
}
Ne−βUFH(x1,...x3N ) (3.3)
where Ξ is the grand canonical partition function, and β, µ, and UFH are terms that were
defined earlier. For the simulations at 298 K, UFH was replaced by U , as Feynman-Hibbs
correction to the potential energy were not needed at this temperature.
The absolute weight percent of H2 sorbed in the MOF is calculated by:
wt% =
〈N〉m
M + 〈N〉m, (3.4)
where m is the molar mass of the sorbate and M is the molar mass of the MOF.
The isosteric heat of adsorption, Qst, were calculated from fluctuations of the number of
particles and potential energy via:54
Qst = −〈NU〉 − 〈N〉〈U〉〈N2〉 − 〈N〉2 + kT (3.5)
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Equation 7.7 is useful for model validation and these values are compared directly to Qst
values that were calculated from experimental isotherms using the virial method.108
3.5 Results and Discussion
3.5.1 Isotherms and Isosteric Heats of Adsorption
The GCMC simulated low-pressure absolute hydrogen sorption isotherms for the three hydrogen
potentials (Buch, BSS, and BSSP) in both considered configurations (A and B) of Cu-TPBTM at
77 K are plotted in Figure 3.5(a) and compared to experimental data. Note, the unit of wt% used
here is defined as: (mass of H2)/(mass of MOF + mass of H2) × 100%. Not suprisingly, hydrogen
sorption via the Buch model shows significant undersorption compared to the experimental data
in both configurations of Cu-TPBTM at all state points considered. At 1.0 atm, the Buch
model undersorbs the experimental isotherm by approximately 28% in both configurations. This
demonstrates that simple van der Waals interaction is not sufficient to model hydrogen sorption in
Cu-TPBTM effectively due to the heterogeneous environment of the framework. The Buch model
agreement for the hydrogen uptakes in the crystal structures of both configurations indicates that
alterations in pore dimensions and steric hindrances introduced through structural changes have
a negligible effect on strictly van der Waals mechanisms in this MOF.
The BSS model shows an increase in hydrogen uptake in the framework compared to the
Buch model for both configurations. This demonstrates that charge-quadrupole interactions are
making an important contribution to the sorption mechanism. However, even with the addition
of charge-quadrupole interactions, the isotherm for the BSS model falls short of the experimental
isotherm. This result is consistent with the expectation that explicit polarization is requred for
accurate interaction mechanisms with highly charged heterogeneous media in general and open-
metal sites in particular.2,24 The BSS model undersorbs the experimental data by approximately
9.0% at 1.0 atm for configuration A. However, a modest difference is observed for the BSS
sorption results in configuration B, as simulations in this configuration produced an uptake that
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is approximately 0.20 wt% less than configuration A. This can be attributed to the significant
differences between the Coulombic partial charges for both configurations (see Table 3.1).
When the BSSP model was simulated in both configurations of Cu-TPBTM, the sorption
results for the two configurations were very different, with configuration A sorbing a significant
quantity greater than configuration B at all state points. In addition, comparison of the BSSP
isotherm with the experimental isotherm showed that the isotherm produced by this model is in
excellent agreement with the experimental data; they are equivalent to within joint uncertainties.
The maximum calculated error for the BSSP model is ± 0.03 wt%.
On the other hand, it can be seen in the low-pressure sorption isotherm at 77 K that the
BSSP model significantly undersorbs the experimental isotherm at all state points considered for
simulation in configuration B. Moreover, the BSSP model isotherm is only slightly higher than
the BSS model isotherm in configuration B, and it slightly undersorb the BSS model results in
configuration A. This indicates that many-body polarization effects are contributing negligibly to
the sorption structure for hydrogen sorption in this configuration. Putting it another way, only
configuration A with the polar BSSP model results in sorption onto the open-metal sites at low
pressures and outstanding agreement with experimental sorption across the entire low-pressure
pressure range. From this, it is suggested that the addition of the sorbate causes the Cu-TPBTM
crystal to shift into the more sorption-favored configuration similar to configuration A leading
to the observed uptake.
This result is corroborated by data at 87 K where analogous trends for the simulated sorption
isotherms for the three hydrogen potentials in both configurations can be seen (Figure 3.5(b)).
The BSSP model in configuration A is in quantitative agreement with the experimental data; the
other two models undersorb for only configuration A. All models undersorb for configuration B
and demonstate increasing deviation from the configuration A results as more realistic potential
energy terms are included in the model H2 potential. Note, the sorption results in configuration
A are consistent to what was seen for the simulated hydrogen sorption isotherms in PCN-61
where induction effects also played a critical role in hydrogen sorption.24 The simulations were
also performed at 298 K, and these results are discussed below.
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To probe the origin of the favorable sorption characterisitics of configuration A, a series of
computational experiments were performed. Specifically, control simulations were performed
using the BSSP model in configuration B where each chemically distinct atom was articifically
assigned the point charges that were determined for the corresponding atoms in configuration A,
and vice versa. For simulations in configuration B using the charges derived for configuration A, a
marked increase in uptake was observed, though the isotherm still undersorbed the experimental
results at 77 K and all pressures. For simulations in configuration A using the configuration B
charges, a notable decrease in uptake at 1.0 atm was observed, while sorption in the low-pressure
(a) (b)
(c)
Figure 3.5: Low-pressure (up to 1.0 atm) absolute hydrogen sorption isotherms in Cu-TPBTM
at (a) 77 K and (b) 87 K for experiment (black), Buch model (blue), BSS model (green), and
BSSP model (red). (c) Isosteric heats of adsorption, Qst, for hydrogen in Cu-TPBTM plotted
against hydrogen uptakes corresponding to pressures between 0 and 1.0 atm at 77 K. Line type
indicate the configuration of Cu-TPBTM in which the simulation was performed in, with solid
corresponding to configuration A and dashed corresponding to configuration B.
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regime continued to duplicate experimental results. The latter finding indicates that the physical
open-metal site sorption mechanisms were still observed in configuration A. From this, it can
be established that the decreased uptake for configuration B is due to both steric effects and
less favorable electrostatic interactions in this configuration. More details about these control
simulations are included in the Supporting Information of Ref 102.
Although the hydrogen uptake for the BSSP model in configuration A is greater than the
uptakes for the same model in configuration B in the low-pressure region, it was observed that the
hydrogen uptakes for both configurations are nearly equivalent at higher pressures approaching
saturation at about 30 atm – analgous to what was seen in PCN-61. This is true for the Buch and
BSS models as well, with the uptakes being similar to those produced by the BSSP model. That
is, all models in both configurations will have isotherms that converge at the saturation pressure
where the MOFs’ detailed chemistry is less important. The observation that both configurations
of Cu-TPBTM have nearly the same maximum sorption capacity was verified by calculating the
pore volumes of the respective configurations using a previously reported modeling procedure
involving helium; the data and the associated parameters are given in the Supporting Information
of Ref 102.109,110 Note, all three hydrogen potentials were also able to reproduce the experimental
high pressure isotherm in PCN-61.24 In both configurations at higher pressures, all models are
essentially capturing the gross packing properties of the sorbed hydrogen in the MOF, as the
MOF acts like a simple container at these pressures. Furthermore, like in PCN-61, it was observed
that the isothermal compressibility,54 βT , decreases rapidly as a function of pressure for all three
models in both configurations of Cu-TPBTM. Moreover, the βT values decreases to a value that
is characteristic of condensed hydrogen92–95 when the hydrogen uptake in the structure begins
to saturate.
The GCMC calculated isosteric heat of adsorption, Qst, values for the three hydrogen poten-
tials in both configurations of Cu-TPBTM are shown in Figure 3.5(c) and compared to those
obtained experimentally. The Qst values for the three hydrogen potentials were calculated ac-
cording to Equation 7.7. Note, details for calculating the experimental Qst values are provided
in the Supporting Information of Ref 102. As shown in the figure, the Qst values for the Buch
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and BSS models underestimated the experimental data in both configurations, especially at low
loading. When comparing the results between the different configurations, the Qst values for
the Buch model are comparable for the two configurations, while those for the BSS model are
higher in configuration A; this is consistent to what was seen in the simulated hydrogen sorption
isotherms. As for the BSSP model, it can be seen that larger Qst values were produced for this
polarizable model in configuration A compared to configuration B, indicating that the MOF-H2
binding energy is greater in configuration A. In addition, the Qst values for the BSSP model in
configuration A is in good agreement with the experimental Qst values, while the same model
underestimates these values in configuration B. This further suggests that configuration A is
more favorable for hydrogen sorption than configuration B and is the dominant configuration
present after sorption.
The initial Qst of Cu-TPBTM is characteristic of strong physisorption onto the open-metal
sites in the MOF with values of approximately 6.6 kJmol−1. This value steadily decreases as
hydrogen uptake in the MOF increases. All three hydrogen potentials show this trend for their
Qst data. However, only the BSSP model simulated in configuration A was able to predict the
initial Qst for H2 as determined by experimental measurements. These results demonstrate both
the necessity to include induction effects in the modeling of charged/polar MOFs with open-
metal sites to accurately describe the interactions between the H2 molecules and the metal and
the importance of simulating sorption in the correct crystal structure of the MOF to describe
the most critical MOF–sorbate interaction. Note, only the GCMC calculated Qst values at 77 K
are shown in the figure. The results for Qst at 77 K and 87 K were found to be nearly identical
to within uncertainties.
Figure 3.6 shows the experimental and predicted hydrogen sorption isotherms for all three
hydrogen potentials in both configurations of Cu-TPBTM at 298 K and pressures up to 100
atm. These are conditions that are suitable for a hydrogen-powered applications like automo-
bile propulsion. It can be seen from the simulated sorption isotherms that the hydrogen uptake
capacity in the MOF decreases significantly from 77 K to 298 K for all models in both config-
urations, consistent with the isosteric heat of adsorption values at the lower temperatures. At
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Figure 3.6: High-pressure (up to 100.0 atm) absolute hydrogen sorption isotherms in Cu-TPBTM
at 298 K for experiment (black), Buch model (blue), BSS model (green), and BSSP model
(red). Note, the simulated isotherms overlay the experimental isotherm. Line type indicate the
configuration of Cu-TPBTM in which the simulation was performed in, with solid corresponding
to configuration A and dashed corresponding to configuration B.
298 K, simulation of Cu-TPBTM leads to uptakes at about 1.4 to 1.5 wt% at 100 atm. This is
well below the ultimate target that was set by the DOE for an on-board hydrogen storage sys-
tem.98 When comparing the simulated hydrogen sorption isotherms between the models under
these conditions, it can be seen that all three models produce nearly the same uptake at high
pressures. Moreover, the uptakes are comparable between both A and B configurations of Cu-
TPBTM. The majority of hydrogen molecules can be seen sorbed into the spaceous truncated
tetrahedral and truncated octahedral cages and, at higher loadings, the fraction of hydrogen
molecules interacting with the open-metal sites is relatively small.
3.5.2 Sorbate Radial Distribution Functions
Figure 3.7(a) shows the radial distribution function, g(r), between the center of mass of the
sorbed hydrogen molecules and the interior Cu2+ ion (labeled atom 1 in Figure 3.3) at 0.01 atm
for all three hydrogen potentials in both configurations of Cu-TPBTM. The radial distribution
functions show that the inclusion of many-body polarization strongly influences the structure of
the sorbed hydrogen in the region of the copper ions in configuration A. In particular, the BSSP
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model shows that a large number of sorbed hydrogen molecules are approximately 2.5 A˚ apart
from the interior Cu2+ ion in this configuration. On the other hand, the 2.5 A˚ radial distribution
peak in configuration B is much lower than that of configuration A. This peak corresponds to
(a) (b)
(c)
Figure 3.7: Radial distribution function about (a) the interior Cu2+ ion (atom label 1 in Figure
3.3) and (b) the exterior Cu2+ ion (atom label 2 in Figure 3.3) in Cu-TPBTM at 77 K and 0.01
atm for Buch model (blue), BSS model (green), and BSSP model (red). Line type indicate the
configuration of Cu-TPBTM in which the simulation was performed in, with solid corresponding
to configuration A and dashed corresponding to configuration B. (c) Molecular illustration of the
T-shaped configuration between the BSSP model H2 molecules (orange) and the interior Cu
2+
ion correlating to the 2.5 A˚ radial distribution peak seen for configuration A of Cu-TPBTM.
Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
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the loading of hydrogen onto the interior Cu2+ ion of the open-metal sites. Hence, there is
not a significant occupancy of hydrogen molecules about this site in configuration B. It can be
inferred that the binding of hydrogen onto the interior Cu2+ ion at low loadings is not as strong
(a)
(b)
Figure 3.8: Radial distribution function about (a) the interior Cu2+ ion (atom label 1 in Figure
3.3) and (b) the exterior Cu2+ ion (atom label 2 in Figure 3.3) in configuration A of Cu-TPBTM
at 77 K and 0.01 atm for the BSSP model in three situations describing the charges about the
two Cu2+ ions of the paddlewheel: the interior Cu2+ ion having the higher charge (red); both
Cu2+ ions having the same charge (orange); and the exterior Cu2+ ion having the higher charge
(violet).
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in configuration B. The initial Qst values that were calculated for the BSSP model in these two
configurations support this notion well.
Note, the Buch and BSS models show that there are few sorbed hydrogen molecules within
that distance from the interior copper ion in both configurations. This indicates that van der
Waals interactions and charge-quadrupole effects do not contribute significantly to sorption at
this site without the addition of induction effects. The majority of sorbed hydrogen molecules for
the Buch and BSS models are about 6.0 A˚ apart from the interior Cu2+ ion, which corresponds
to sorption onto the corners of the truncated tetrahedral cages. Moreover, for configuration
A, the radial distribution functions about the interior Cu2+ ion for the Buch and BSS models
are nearly identical while the one for BSSP is completely different, thus further demonstrating
how many-body polarization can have an impact on the mechanism of hydrogen sorption in
Cu-TPBTM.
The difference in the hydrogen/metal binding energy for the two configurations can be ex-
plained by the orientation of the amide oxygen atom of the TPBTM linker in the respective
configurations. The amide oxygen atom is responsible for causing the partial charge of the in-
terior Cu2+ ion to increase and directing hydrogen sorption onto the interior Cu2+ ion of the
open-metal site at initial loading. Because the interior Cu2+ ion has the greater charge of the two
Cu2+ ions, it becomes the preferred metal site for hydrogen sorption. However, the interaction
between the hydrogen molecules and the interior Cu2+ ion is stabilized by the amide oxygen
atom that is promixal to the interior Cu2+ ion. In configuration A, the amide oxygen atom is
more in line with the interior Cu2+ ion with a Cu-O distance of 5.97 A˚. Thus, in configuration
A, there is a favorable interaction between the interior Cu2+ ion and the hydrogen molecule as
it sorbs onto the site at a distance of 2.5 A˚ away, and this hydrogen molecule makes a favorable
interaction with the amide oxygen atom that is approximately 5.34 A˚ away. In configuration B,
the amide oxygen atom is positioned away from the interior Cu2+ ion with a Cu-O distance of
6.18 A˚. Because the amide oxygen atom is oriented farther away from the interior Cu2+ ion and
the hydrogen molecule as it tries to sorb onto that site, the O atom cannot stabilize the interac-
tion between the interior Cu2+ ion and the hydrogen molecule as strongly as in configuration A.
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Thus, the hydrogen/metal interaction is weaker in configuration B due to the shifted position of
the amide oxygen atom.
It is important to note that the occupancy of the hydrogen molecules about the open-metal
sites in Cu-TPBTM contrasts what was observed in PCN-61. Previously, it was shown that the
hydrogen molecules prefer to sorb onto the exterior Cu2+ ion in PCN-61.24 The BSSP hydrogen
molecules were approximately 2.5 A˚ from the exterior Cu2+ ion as shown in the radial distribution
function in that work. This was due to the exterior Cu2+ ion exhibiting a higher charge than the
interior Cu2+ ion in PCN-61 (1.7155 e− vs. 1.0965 e−). Note, simulation of hydrogen sorption
was also performed in PCN-61 where the Cu2+ ions exhibited partial charges that were calculated
using the LANL2DZ ECP basis set for the Cu2+ ions. As in the previous study, the exterior
Cu2+ ion had the higher charge than the interior Cu2+ ion (1.4362 e− vs. 0.8660 e−). The radial
distrbution function about the exterior Cu2+ ion for the BSSP model was similar to what was
observed in the previous study (see Supporting Information of Ref 102). In Cu-TPBTM, the
opposite was observed, as the interior Cu2+ ion became the dominantly charged species over the
exterior Cu2+ ion (1.2292 e− vs. 0.9902 e−). This can be attributed to the presence of the O
atom of the amide group in the linker, as the negatively charged oxygen causes the electrostatics
of the Cu2+ ions of the open-metal sites to change. Specifically, the charge of the exterior Cu2+
ion in Cu-TPBTM decreases significantly relative to PCN-61. In addition, the radial distribution
function about the exterior Cu2+ ion in Cu-TPBTM is nearly the same for all models in both
configurations (Figure 3.7(b)), suggesting that, even with many-body polarization interactions,
the hydrogen molecules cannot sorb onto this site due to the lower charge of the exterior Cu2+
ion. Likewise, it was observed that the radial distribution function about the interior Cu2+ ion
in PCN-61 is similar for all three hydrogen potentials (see Supporting Information of Ref 102).
As in PCN-61, the orientation of the BSSP hydrogen molecules about the open-metal sites
in Cu-TPBTM is a T-shaped configuration (Figure 3.7(c)). This interaction between the BSSP
hydrogen molecule and the interior Cu2+ ion is similar to the Cu-H2 interaction that was observed
in HKUST-1 via inelastic neutron scattering and ab initio simulation studies.96,97 These studies
on HKUST-1 showed a similar T-shaped configuration between the hydrogen molecules and the
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Cu2+ ion. Furthermore, a similar Cu-H2 distance of 2.39 A˚ was observed in the studies on
HKUST-1.
The 2.5 A˚ radial distribution peak for the BSSP model and the T-shaped configuration about
the open-metal site in configuration A was only observed if the interior Cu2+ ion had the higher
charge of the two Cu2+ ions in the force field for Cu-TPBTM. In order to verify this, fictitious
control simulations of hydrogen sorption in configuration A of Cu-TPBTM were performed in
cases where the exterior Cu2+ ion had the higher charge (atom 2 in Figure 3.3 had a charge of
1.2292 e− whereas atom 1 had a charge of 0.9902 e−) and where both Cu2+ ions had the same
charge (both had a charge of 1.1097 e−). In both simulations, the hydrogen uptake capacity
for the BSSP model at 1.0 atm were very similar to that of the normal case. However, when
considering the uptakes at initial loading, the sorbed amounts for both control cases undersorbed
the results for the normal force field. Examination of the radial distribution function about both
the interior and exterior Cu2+ ions for the control cases at 0.01 atm showed that sorption onto the
open-metal site was not observed; this is indicated by the absence of the 2.5 A˚ radial distribution
peak that was seen for the BSSP model about the interior Cu2+ ion in configuration A of Cu-
TPBTM (using the normal parameterized energy function) and in PCN-61 about the exterior
Cu2+ ion (Figure 3.8). Indeed, inspection of the modeled structure for the control simulations
did not reveal any hydrogen molecules sorbing onto the open-metal sites. The majority of the
molecules that were modeled given the hypothetical energy surface (including hydrogen molecules
that were supposed to be occupying the interior Cu2+ ion of the Cu paddlewheel in the normal
force field) can be seen sorbing onto the sides and corners of the truncated tetrahedral cages.
3.5.3 Sorbate Induced Dipole Distributions
The normalized dipole distribution for the BSSP model in configuration A of Cu-TPBTM at
77 K and various pressures (Figure 3.9) reveals three apparent dipolar hydrogen populations
corresponding to the following induced dipole ranges: 0.20 D and above, 0.07 to 0.20 D, and 0.00
to 0.07 D. The dipole distribution for configuration A shows that a small number of hydrogen
molecules have dipole magnitudes of 0.20 D and above. Correlating these dipole magnitudes to
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Figure 3.9: (a) Normalized hydrogen dipole distribution for the BSSP model at 77 K and various
pressures for both configurations of Cu-TPBTM from 0.0 D to 0.30 D. (b) The magnified region
of the dipole distribution from 0.20 D to 0.30 D.
regions of occupancy inside Cu-TPBTM reveals that the hydrogen molecules with these dipoles
sorb onto the interior Cu2+ ion of the open metal site at initial loading (Figure 3.10(a)). This
is expected given the highly charged interior Cu2+ ion inducing higher dipoles on the hydrogen
molecules, resulting in strong sorption. This also depends on the detailed interplay between
sterics and permanant and induced electrosctatics, given that configuration B does not show
a consistent binding to the open-metal sites. Thus, it seems that configuration A, produces a
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“template” of ordered relatively strongly bound hydrogen molecules that leads to a consistently
higher sorption for the entire low pressure range. This packing is aided by polarization (compar-
ing BSS and BSSP hydrogen isosteric heats of adsorption via Figure 3.5(c)), and apparent steric
efficiency compared to the more disordered hydrogen molecules in configuration B.
Note, this is distinct from the occupancy that was observed for the high dipolar species
in PCN-61. In PCN-61, it was shown that the hydrogen molecules with the highest dipoles
sorbed onto the exterior Cu2+ ion at initial loading.24 This is due to the fact that the exterior
Cu2+ ion in PCN-61 was the dominantly charged species of the two Cu2+ ions, whereas the
effect is reversed in Cu-TPBTM. Thus, a different sorption structure is observed in Cu-TPBTM
with binding to different copper ions. In configuration B of Cu-TPBTM, there were almost no
hydrogen molecules with dipole magnitudes of 0.20 D and above. Note, the changes associated
with the environments provided by configuration A, PCN-61, and configuration B lead to binding
to the interior, exterior, or neither copper ion, respectively. This suggests tunability of the metal
binding sites even toward the chemically simple hydrogen molecule through reasonbly small
configurational changes. The highest dipolar species at low loading in configuration B were
sorbed onto the interior of the MOF with relatively weaker H2-metal interactions; hydrogen is
excluded from metal ion access because it lacks synergistic interaction, present in configuration
A, with the amide oxygen atom distal from the interior Cu2+ ion in this configuration.
The dipole distribution shows that there is a broad peak from 0.07 to 0.20 D for configuration
A, but that peak is diminished in configuration B. Examination of the 3-D histogram correlating
to dipole magnitudes of 0.07 to 0.20 D in configuration A (Figure 3.10(b)) shows that a large
population of hydrogen molecules with these dipoles sorb onto the sides of the truncated tetra-
hedral cages. At the sides of these cages are the amide groups of the TPBTM linker; because
amide functional groups increase hydrogen binding affinity, it is not surprising that the hydrogen
molecules are found there. A closer look at this region of occupancy reveals that the hydrogen
molecules sorbed onto those amide groups are in the region of the interior Cu2+ ion. Thus, the
secondary sorption site in this MOF can be seen as the hydrogen molecules in proximity of both
the amide group and the interior Cu2+ ion. The population of hydrogen molecules loading onto
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this site is reduced at all corresponding pressures in configuration B. This can be explained by
the relatively unfavorable electrostatic interactions observed in configuration B. Specifically, the
partial charge for the amide carbon atom is more positive in configuration B, and when it is
combined with the charge for the associated amide O atom, the carbonyl group is net positive
and it repels the hydrogen molecules from sorbing onto this site. The loading onto the sides of the
truncated tetrahedron is rarely seen for configuration B across all state points, and this explains
the dramatic difference in the simulated sorption isotherms for the BSSP model between both
configurations as seen in Figure 3.5. At pressures near saturation, these sites become available
for the hydrogen molecules in configuration B as the MOF acts essentially as a container at these
conditions.
The low dipolar population, correlating to 0.00 to 0.07 D (Figure 3.10(c)), corresponds to
hydrogen molecules can be seen occupying the corners of the truncated tetrahedral cages where
it sorbs onto the vertices of the copper paddlewheels. These sorption sites are also seen for the
Buch and BSS models. Moreover, this site corresponds to the 6.0 A˚ peak seen in the radial
distribution function about the interior Cu2+ ion for all three models in both configurations.
This indicates that this site is dominated by van der Waals and charge-quadrupole interactions,
whereas induction effects contribute slightly. For configuration B of Cu-TPBTM, a large number
of hydrogen molecules were found sorbing in this region; this is the main site that the hydrogen
molecules occupy in this configuration as the tendency of the hydrogen molecules to sorb onto
the interior Cu ion and also the sides of the truncated tetrahedral cages at initial loading is
extremely small. Note, in the control simulations where the partial charges on the Cu2+ ions
were equivalent or flipped relative to the normal force field, the hydrogen molecules with the
highest dipoles were not seen sorbing onto the open-metal sites. Instead, they were seen sorbing
onto the sides and corners of the truncated tetrahedral cages. Again, this suggests significant
chemical tunability of metal binding sites.
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Figure 3.10: 3-D histograms of hydrogen sorption in Cu-TPBTM at 77 K and 0.01 atm showing
the sites of hydrogen sorption (blue) for low loadings as a function of induced dipole magni-
tude:(a) 0.20 Debye and Up (b) 0.10 to 0.20 Debye (c) 0.00 to 0.10 Debye. Atom colors: C =
green, H = white, N = blue, O = red, Cu = black.
3.5.4 Effects from Variant Crystal Structures
The crystal structure of Cu-TPBTM shows two possible configurations of the framework at
room temperature. However, the theoretical sorption data strongly suggest that configuration
A is dominant with H2 sorbed at low temperatures, permitting favorable MOF-H2 interactions
and significantly increased loading compared to configuration B. Note, currently, an energy
minimization of the Cu-TPBTM unit cell cannot be performed due to its large unit cell size, so
the structure cannot be optimized to explore the sorbed MOF phase space.
67
Insights into the different configurations of Cu-TPBTM were obtained from the crystal struc-
ture of the MOF at both high and low temperatures. The crystal structure of Cu-TPBTM that
was reported by Zheng et al. was taken at 293 K.31 In this study, the Cu-TPBTM crystals were
synthesized using the previously reported procedure,31 and the single-crystal structure of the
as-synthesized Cu-TPBTM crystals was taken at 100 K (see Supporting Information of Ref 102
for more details). The cold crystal structure of the MOF also revealed two related configurations
of the framework. One of the crystal arrangements (configuration C) corresponds to a config-
uration that has a similar orientation and distance between the interior Cu ion and the amide
O atom as in configuration A, but with a different pucking of the central aromatic ring. The
other configuration (configuration D) is very similar to configuration A, but the amide O atom
is positioned a little farther away from the interior Cu2+ ion. In addition, the MOF undergoes
a slight contraction of approximately 0.08 A˚ in all dimensions at low temperatures.
Electronic structure calculations were performed on both of these cold temperature configu-
rations of Cu-TPBTM. Fragments of similar type to those selected for configurations A and B
were also used. However, the calculations on a variety of these fragments for both configurations
showed significant differences in charges in comparison to the room temperature configurations,
most notably the exterior Cu2+ ion having the higher charge on the copper paddlewheel. This
resulted in less favorable MOF–sorbate interactions for H2 in Cu-TPBTM, which is consistent
with earlier demonstration that the interior Cu2+ ion must have the higher charge to capture
the binding of hydrogen molecules onto the open-metal sites and reproduce experimental mea-
surements. It is predicted that this phenomenon occurs due to the slight displacement of the
atoms relative to the Cu2+ ions as a result of the contraction; this is especially for those atoms
in the amide group. Simulations of hydrogen sorption at 77 K using the BSSP model in both
configurations C and D in their respective derived forced fields showed undersorption compared
to the experimental isotherm. Thus, even though the experimental hydrogen sorption measure-
ments were performed on the Cu-TPBTM crystal at low temperatures, our simulations cannot
capture the correct sorption behavior in the cold temperature crystal structures. The earlier de-
68
scribed results demonstrate that the MOF likely shifts to the ambient temperature configuration
A crystal arrangement upon hydrogen sorption.
Note, although it is possible to treat the flexibility of the MOF during simulation,111–113
such a task was not performed here due to computational expense, especially considering the
large size of the Cu-TPBTM unit cell. For the simulations at low temperatures, constraining
the MOF to be rigid during the simulation seems appropriate at 77 K and 87 K since phonons
are not thought to be important. In addition, crystallographic studies of Co-TPBTM,31 the Co
analogue of Cu-TPBTM, reveals that only configuration A exists for the Co variant, thus further
suggesting that configuration A is the dominant configuration of the amide-based rht framework.
Perhaps the other configurations are metastable kinetic phases of the copper containing MOF.
3.6 Conclusion
This study shows the importance of many-body polarization interactions in the modeling of hy-
drogen sorption in a highly polar MOF such as Cu-TPBTM. Polarization leads to significant
sorbate ordering at low pressure that leads to higher sorption for the entire low pressure re-
gion below one atmosphere. It was also found that only one of the experimentally observed
configurations (configuration A) of the neat MOF crystal structure leads to sorption isotherms
and isosteric heats of adsorption observed experimentally. Calculation of the MOF–H2 binding
energy for both configurations via the Qst demonstrates that configuration A has a maximum
at low loading characteristic of H2–copper ion interactions.
30,114 Distinct neat crystal structures
at ambient and low temperatures were also examined for their sorption characteristics. It was
demonstrated that seemingly small changes in MOF crystal configuration lead to different overall
sorption and associated mechanisms.
It was further demonstrated that the presence of the amide functional groups in the TPBTM
linker changed the electrostatics of the Cu2+ ions of the paddlewheel relative to PCN-61. In
PCN-61, the presence of a nonpolar alkyne group on the linker led to a higher relative charge
on the exterior Cu2+ ion in the MOF. In Cu-TPBTM, the presence of a polar amide group on
the linker led to a higher charge on the interior Cu2+ ion, thus reversing the electrostatics of the
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Cu2+ ions. This can be explained by the presence of the oxygen atom of the amide group, as
the negatively charged oxygen causes the interior Cu2+ ion to exhibit a higher positive charge.
Substituting a nonpolar linker with a polar linker changes the mechanism of hydrogen sorption.
With the interior Cu2+ ion having the higher charge of the two coppers ions, it becomes the
preferred metal binding site for hydrogen sorption, which is contrast to what was observed in
PCN-61. The results shown in this study suggests the possibility for experimentalists to tune
which site they want the sorbate to bind to upon initial loading through aspirational chemical
modifications of a MOF. In essence, changing one functional group in the organic linker leads to
a different binding site for gas sorption; this allows for the flexibility to control desired binding
sites. Computataional experiments, artificially modifying the copper ion charges, also showed
significant tunability.
On the basis of the results observed previously for PCN-6124 and in this study for Cu-TPBTM,
the initial binding sites for other rht-MOFs can be predicted. For instance, in rht-MOF-1,35 where
the MOF is constructed using trigonal Cu3O trimers through 5-tetrazolylisophthalate moieties,
one would expect the sorbate to bind onto the interior Cu2+ ion for the metal paddlewheel
sorption at low loading. This is because the electronegative nitrogen atoms on the tetrazolate
moieties are proximal to the interior Cu2+ ions and will cause this Cu2+ ion to increase in
charge through on electronic structure calculations. As another example, in PCN-68,30 which
is similar to PCN-61 except that the central benzene ring of the linker is replaced by a 1,3,5-
triphenylbenzene group, it would be expected that the exterior Cu2+ ion will have the higher
charge of the two Cu2+ ions here. This MOF contains a highly nonpolar linker, and thus, it will
not cause the interior Cu2+ ion to exhibit a higher partial positive charge. It is deemed that the
sorbate will load onto the exterior Cu ion in this MOF initially.
rht-MOFs are a very promising platform of MOFs that have been shown to exhibit high
hydrogen uptake capacity due to their open-metal sites, tunability, small pore sizes, and high
surface area.30,31 Some variants were also shown to be water and acid stable.105 As seen in this
study, and as shown experimentally,34,41,114–118 the presence of a polar functional group on the
linker can enhance hydrogen uptake even further. The experimental hydrogen sorption studies
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have shown that Cu-TPBTM has a hydrogen uptake of 2.61 wt% at 77 K and 1.0 atm and an
initial Qst value of 6.6 kJ/mol. However, these values fall short to those reported for an rht-MOF
called Cu-TDPAT.33,34,105 This MOF contains a 1,3,5-triazine group as the central aromatic ring
of the linker, and the carbon atoms at the 2, 4, and 6 positions are connected to amine functional
groups. This MOF was shown to have the highest hydrogen uptake of rht-MOFs synthesized
thus far and will possibly be considered for computational investigations in the future.
The development of highly accurate and transferable anisotropic many-body potentials of
other sorbates such as CO2, CH4, and N2 is currently ongoing,
66 and utilization of these potentials
to simulate sorption in rht-MOFs as well as other charged/polar MOFs is a task that will be
investigated in the future. Based on the results of this study and the fact that the interior Cu
ion has the higher positive charge of the two metal ions, it is predicted that the favorable site of
CO2 sorption in Cu-TPBTM would be between the interior Cu
2+ ions of adjacent paddlewheels
where each oxygen atom of the CO2 molecule coordinates to the interior Cu
2+ ion of respective
paddlewheels. In addition, once the potentials of these sorbates have been developed, the selective
separation of gas mixtures will be explored.
3.7 Acknowledgements
This work was supported by the National Science Foundation (Award No. CHE-1152362). Com-
putations were performed under a XSEDE Grant (No. TG-DMR090028) to B.S. This publication
is also based on work supported by Award No. FIC/2010/06, made by King Abdullah Univer-
sity of Science and Technology (KAUST). The authors also thank the Space Foundation (Basic
and Applied Research) for partial support. The authors would like to acknowledge the use of
the services provided by Research Computing at the University of South Florida. Lastly, the
authors thank Professor Randy W. Larsen and his research group for interactive discussions on
this project.
71
Chapter 4
Investigating the Gas Sorption Mechanism in an rht-Metal–Organic Framework
through Computational Studies
4.1 Note to Reader
This chapter contains previously published content. Reprinted with permission from J. Phys.
Chem. C, 2014, 118 (1), 439–456. Copyright c© (2013) American Chemical Society. (see
Appendix A)
4.2 Abstract
Grand canonical Monte Carlo (GCMC) simulations were performed to investigate CO2 and H2
sorption in an rht-metal-organic framework (MOF) that was synthesized with a ligand having a
nitrogen-rich trigonal core through tri-substituted triazine groups and amine functional groups.
This MOF was synthesized by two different groups, each reporting their own distinct gas sorp-
tion measurements and crystal structure. Electronic structure calculations demonstrated that
the small differences in the atomic positions between each group’s crystal structure resulted in
different electrostatic parameters about the Cu2+ ions for the respective unit cells. Simulations
of CO2 sorption were performed with and without many-body polarization effects and using
our recently developed CO2 potentials, in addition to a well-known bulk CO2 model, in both
crystallographic unit cells. Simulated CO2 sorption isotherms and calculated isosteric heats of
adsorption, Qst, values were in excellent agreement with the results reported previously by Ed-
daoudi et al. for both structures using the polarizable CO2 potential. For both crystal structures,
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the initial site for CO2 sorption were the Cu
2+ ions that had the higher positive charge in the unit
cell, although the identity of this electropositive Cu2+ ion was different in each case. Simulations
of H2 sorption were performed with three different hydrogen potentials of increasing anisotropy
in both crystal structures and the results, especially with the highest fidelity model, agreed well
with Eddaoudi et al.’s experimental data. The preferred site of H2 sorption at low loading was
between two Cu2+ ions of neighboring paddlewheels. The calculation of the normalized hydrogen
dipole distribution for the polarizable model in both crystal structures aided in the identification
of four distinct sorption sites in the MOF, which is consistent to what was observed in the ex-
perimental inelastic neutron scattering (INS) spectra. Lastly, while the experimental results for
the two groups are quantitatively different, the sorption mechanisms (for both crystal structures
and sorbates) are broadly similar and not inconsistent with either set of experimental data; the
theoretical sorption isotherms themselves resemble those by Eddaoudi et al.
4.3 Introduction
Carbon dioxide is the most abundant greenhouse gas that is emitted from the combustion of
carbonaceous fuels (e.g., coal, oil, natural gas). Given the abundance of fossil fuel-based energy
currently in use, which is roughly 85% of global energy production,119,120 a ca. 43% increase in
atmospheric CO2 concentrations over pre-industrial levels was observed within the past decade.
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Indeed, there is a significant amount of CO2 in the atmosphere and it is contributing greatly to the
global warming problem. As the discontinuation of fossil fuel-based energy production is unlikely,
capture and sequestration of greenhouse emissions prior to release into the environment offers an
attractive solution. While a number of methods for CO2 capture currently exist, they tend to
either lack long term viability or have prohibitively expensive implementation requirements.122,123
Thus, there is a pressing need in this economy to develop methods that can effectively capture
CO2 from post-combustion eﬄuents, such as flue gases.
The use of molecular hydrogen as a fuel source in vehicles has been viewed as a promising
strategy to prevent CO2 emissions.
124 Hydrogen is a clean alternative fuel because the oxidation
of hydrogen in an engine releases only water as a byproduct; thus, no greenhouse gases are
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generated by burning hydrogen. In addition, hydrogen has a relatively high energy capacity, as
it releases the most energy per weight of any known fuel. However, an unsolved problem in this
energy economy is finding or synthesizing a material that can store a considerable amount of
hydrogen at near-ambient temperatures and high pressures and is capable of releasing hydrogen
freely due to a mild change in conditions.125 The ultimate U.S. Department of Energy (DOE)
target of 7.5 wt % for the total storage system is a goal that has yet to be reached.126
Metal-organic frameworks (MOFs) are a class of porous materials that have been shown
to be promising for CO2 capture/storage and separations,
38,127,128 and H2 storage.
41,43,44 MOFs
represent a group of crystalline compounds that are composed of rigid organic linkers coordinated
to single metal-ions and/or clusters.46,129 They can be constructed to have moderate to high
surface areas and can be assembled from organic and inorganic moieties with desired chemical
functionality.5 Their modular and tunable character, along with their porous nature, allows them
to become suitable materials for CO2 capture and H2 storage.
130 Indeed, tremendous progress
has been made toward synthesizing materials that can selectively capture CO2,
38 and can store
large amounts of hydrogen.131
A promising class of MOFs that has been shown to capture/store and separate a consid-
erable amount of CO2 and H2 are the rht-MOFs.
5,30–32,34,35,47–51,100,101,132–136 These MOFs are
constructed from a trigonal molecular building block (MBB), which represents a 3-connected
node, and a cuboctahedral supermolecular building block (SBB), representing a 24-connected
node. It is for this reason that they are also called the (3,24)-connected MOFs. The trigonal
MBB is exemplified by a ligand consisting of three coplanar isophthalate moieties and having
overall C3 symmetry. Construction of an rht-MOF yields three distinct cages in the framework:
cuboctahedron (cub-Oh), truncated tetrahedron (T-Td), and truncated octahedron (T-Oh).
Recently, an rht-MOF was synthesized using 5,5′,5′′-(1,3,5-triazine-2,4,6-triyltriimino)tris-
isophthalate as the organic linker, giving rise to a MOF that has nitrogen-rich trigonal cores
and very narrow pore sizes (especially in comparison to other rht-MOFs) (Figure 4.1).32,34 In the
structure of this MOF, each 1,3,5-triazine core is coordinated to secondary amine groups at the
2-, 4-, and 6-positions, which in turn is linked to the 5-position of the isophthalate moieties. The
74
(a) (b)
Figure 4.1: Molecular view of the rht-MOF-7 unit cell. (a) Side view. (b) Top view. Atom
colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
isophthalate groups are coordinated to Cu2+ ions to form the well-known copper paddlewheel
clusters. This MOF is known as rht-MOF-7 and it was synthesized by two different groups:
Eddaoudi et al.32 and Li et al.33,34 Experimental studies of CO2 sorption on rht-MOF-7 revealed
that the MOF is capable of sorbing a significant amount of CO2. Moreover, it currently has the
highest initial isosteric heat of adsorption, Qst, towards CO2 out of all rht-MOFs synthesized
thus far. This has been verified by the two groups that performed CO2 sorption measurements in
this MOF. Indeed, the high CO2 loading in rht-MOF-7 can be attributed to the presence of (and
synergistic effect between) the open-metal sites, the nitrogen-rich centers through the amine and
triazine moieties, and the comparatively small pore size that the MOF exhibits. However, the
CO2 uptakes reported by the two groups were somewhat different as seen in their CO2 sorption
isotherms. For instance, at 298 K and 1.0 atm, Eddaoudi et al. measured a CO2 uptake of ca.
3.90 mmolg−1, whereas Li et al. measured ca. 5.90 mmolg−1 under the same conditions.
In addition, experimental H2 sorption studies on rht-MOF-7 by Li et al. showed that the
MOF can sorb 2.65 wt % of hydrogen at 77 K and 1.0 atm and has an initial H2 Qst value
of 8.29 kJmol−1. In this work, we report the experimental hydrogen sorption results that were
generated by Eddaoudi et al. Comparing, it was observed that the two experimental groups also
have different H2 sorption results for rht-MOF-7. According to the measurements performed
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by Eddaoudi et al., rht-MOF-7 sorbs 2.20 wt % of hydrogen at 77 K and 1.0 atm and has an
initial H2 Qst value of 6.77 kJmol
−1. The experimental inelastic neutron scattering (INS) spectra
for hydrogen in rht-MOF-7 is also reported herein, which contains a number of transitions that
corresponds to specific binding sites in the MOF and is consistent with our simulated sorption.
In this work, we use grand canonical Monte Carlo (GCMC) methods to investigate CO2 and
H2 sorption in rht-MOF-7. GCMC studies can provide atomistically detailed insights into the
mechanism of gas sorption while providing direct comparisons to experimental measurements,
such as sorption isotherms and associated Qst values.
2,24,45 In addition, GCMC methods can be
used to determine the preferred sorptions sites in a MOF. The simulations performed herein
will be compared to the experimental data reported by the two groups. Furthermore, the two-
dimensional quantum rotational levels are calculated for hydrogen about various binding sites
in rht-MOF-7. The calculated energy levels are directly compared to the transitions that were
observed in the INS spectra. Accurate molecular level predictions can be made with confidence
if there is excellent agreement between experiment and theory.
Simulations were performed with and without the inclusion of many-body polarization con-
tributions.17,18,20 It was shown in previous work on H2 sorption in the rht-MOFs PCN-61
30 and
Cu-TPBTM31 that explicit many-body polarization effects were critical to describe the correct
sorption behavior in these MOFs.24,102 Indeed, it is a significant strength of such polarizable po-
tentials that they can describe interactions with open-metal sites that may be otherwise thought
of as essentially quantum mechanical.67,68,137 This was performed using accurate and transfer-
able potentials of H2 that were developed in our group.
23 The same H2 potentials were used to
investigate the hydrogen sorption mechanism in rht-MOF-7 through GCMC simulation in this
work.
In addition, we have developed analogous CO2 potentials for use in simulation in condensed
phase media. Thus, simulations of CO2 sorption in rht-MOF-7 were performed using these CO2
potentials: one that includes charge-quadrupole interactions (referred to as CO2-PHAST), and
one that includes charge-quadrupole interactions in addition to explicit induction (referred to as
CO2*-PHAST). This was done in an attempt to better understand the CO2 sorption mechanism
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in this MOF. Note, several groups105,127,138 have used the TraPPE CO2 model
25,139 in their MOF–
CO2 simulations. Although this model, can accurately describe the correct structure in the bulk
environment and weakly interacting materials, it does not consistently capture the anisotropy
and energetics in systems where induced dipole interactions are important.26 This CO2 model
was also used in the simulations for comparison given its excellence as a bulk potential.
4.4 Methods
4.4.1 Simulation Parameters
The force field that was established for rht-MOF-7 includes Lennard-Jones repulsion/dispersion
parameters (taken from the Universal Force Field9), ab initio derived atomic partial charges, and
carefully parametrized atomic point polarizabilities as in previous work.2,13,24,102,140–143
The parametrizations and simulations were performed on the crystallographic structure re-
ported by both groups. In this work, the crystal structure reported by Eddaoudi et al. will be
referred to as crystal structure A, while the crystal structure reported by Li et al. will be referred
to as crystal structure B. Evaluation of the crystal structures reported by both groups via the
Cambridge Crystallographic Data Centre (CCDC) revealed that the unit cells were nearly iden-
tical with minor differences in the unit cell lengths (Eddaoudi et al.: 26.6700 A˚ × 26.6700 A˚ ×
38.0416 A˚, Li et al.: 26.8604 A˚ × 26.8604 A˚ × 37.7538 A˚). Although the chemical functionalities
(e.g., 1,3,5-triazines, secondary amines, copper paddlewheels) exhibited in both structures are
the same, there were minor differences in the crystallographic positions of the atoms, displayed
in Figure 4.2, and this had an effect on the electronic structure calculations for the two unit
cells. Nevertheless, the simulated sorption results in both structures were very similar to each
another. In addition, it will be shown that simulations in both crystal structures were required
to reproduce certain experimental observables.
Note, geometry optimization of the crystal structures in the Vienna ab initio Simulation
Package (VASP) code144–147 was attempted to determine if a shared energy minimum existed be-
tween the two structures; however the calculation was computationally expensive and prohibitive
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Figure 4.2: The organic linker of rht-MOF-7 showing the relative positions of the different crystal
structures used. Crystal structure A = green, crystal structure B = blue.
due to the large dimensions of the unit cell lengths. A single-point energy calculation on both
structures using VASP showed that both crystal structures may exist. Perhaps an energetically
favorable hybrid structure existed between the two structures with characteristics of each. Thus,
in this work, the uptakes that were produced within the unit cells by both groups at each state
point are reported separately and as averages.
The atomic point partial charges were determined from a series of gas phase fragments that
were cut from the rht-MOF-7 unit cell. This was done for the crystallographic structures reported
by both groups. Note, it was shown that periodic fitting of the entire crystal structure was a
more appealing method to calculate partial charges.13,73,74 However, the size of the unit cell
was large enough to make the calculation for the relaxation process computationally expensive
and prohibitive. Thus, the partial charges were determined from a fragment-based approach.
Examination of the unit cell revealed 21 chemically distinct atoms which produces the entire 960
atom unit cell upon crystallographic symmetry operations (Figure 4.3). The symmetry of the
unit cell was used as a basis for deciding on representational chemical fragments.
It should be noted that in some previously published work on rht-MOFs,5,104,105,134 the two
Cu2+ ions of the metal paddlewheels have been constrained to equivalence. It is important to
emphasize that these two Cu2+ ions are in similar but chemically distinct environments as they
are located in different regions of the MOF. The ions facing toward the center of the linker,
known herein as the Cu1 ions, project into the truncated tetrahedral and truncated octahedral
cages, while the ions facing away from the center of the linker, known herein as the Cu2 ions,
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project into the cuboctahedral cage. While these ions are not identical, as the carboxylate
carbon–aromatic carbon bond cannot rotate freely in the MOF, it is common practice to equate
these atoms in similar environments. In the case of the Cu2+ ions in rht-MOFs, however, the
difference in relative charge magnitudes have been shown to be significant with the more positive
ion acting as the favored sorption site while the lower charged ion shows little interaction under
moderate conditions.24,102
The fragments were chosen such that the examined atoms were in a similar chemical en-
vironment to the actual framework. Chemical termination of fragments was obtained by the
addition of hydrogen atoms where appropriate. All light atoms were treated at the 6-31G∗
level that produces over-polarized charges appropriate for condensed phase simulations.75 This
was done to approximate self-polarization of the condensed phase crystalline environment. The
LANL2DZ14–16 effective core potential basis set was used to represent the many-electron Cu2+
ions. The electronic structure calculations were performed using the NWChem ab initio simula-
tion package;11 this software utilizes the CHELPG method106,107 to fit the partial charges onto
the atomic centers.
It is important to mention that notable discrepancies in the partial charges of the Cu2+ ions
were observed for a variety of fragments for crystal structure B. In particular, the Cu2+ ions,
labeled 1 and 2 in Figure 4.3, alternated charges with atom 1 (Cu1 ion) having the higher charge
in a number of fragments and atom 2 (Cu2 ion) having the higher charge in others. In fragments
that had two Cu paddlewheels, both cases often occurred simultaneously if like atoms were not
constrained to equality. After examining a large number of fragments, two key characteristics
were discovered as the basis for selecting viable fragments in crystal structure B: the presence
of the triazine group and the orientation of the amine hydrogen atom. It was observed that the
presence of the nitrogen atom of the triazine group and the hydrogen atom of the amine group
causes the Cu1 ion to increase in charge while the Cu2 ion decreased in charge. Furthermore,
the charge of the Cu1 ion increases only if the amine hydrogen atom is oriented towards the Cu1
ion of the paddlewheel. Depending on the location in the rht-MOF-7 unit cell, a fragment can
be selected such that the amine hydrogen atom is oriented towards the Cu1 ion or away from
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the ion. It was observed that if the amine hydrogen atom points away from the Cu1 ion, the
charge of the Cu1 ion will not increase, even if the triazine group was present. Thus, fragments
were selected such that the triazine group was on the same side as the Cu paddlewheel and the
amine hydrogen atom was pointing towards the Cu1 ion. Comparison of fragments with these
features produced excellent agreement among charges in a number of fragments, with standard
deviations of less than 0.1 e−. The fragments that were selected for rht-MOF-7 can be found in
the Supporting Information of Ref 148.
Note, the same fragments that were selected for crystal structure B were also selected for
crystal structure A. However, in crystal structure A, it was observed through partial charge
analysis that the Cu2 ion has the higher charge of the two Cu2+ ions. This is true for nearly any
fragment that included the copper paddlewheels. Thus, the charges of the Cu2+ ions are flipped
in crystal structure A relative to crystal structure B. This can be explained by differences in the
distances between the two Cu paddlewheels and between the Cu1 ion and the nearest nitrogen
atom of the 1,3,5-triazine group in both structures. In crystal structure A, the paddlewheels are
farther apart from each other and the Cu1 ion is farther away from the nearest triazine nitrogen
atom. Due to these differences, the Cu1 ion cannot experience the complete electron-withdrawing
effect from the Cu1 ion of a nearby paddlewheel and the nearest triazine nitrogen atom; thus,
it cannot exhibit the higher charge between the two Cu2+ ions. Although the disparity in the
copper charges between the two unit cells does not significantly alter the higher loading sorption
results, it has a dramatic effect on the calculated initial Qst values and the initial sorption sites.
After calculating the partial charges for the atoms on a number of fragments for both struc-
tures, the charges were averaged between the fragments. Note, terminal atoms were not included
in the averaging. Afterwards, the partial charges were adjusted such that the total charge of the
framework was equal to zero; these values were assigned as the partial charge for each chemically
distinct atom in both unit cells of rht-MOF-7. The partial charges that were used in this study
are given in Table 4.1. With the exception of the Cu2+ ions, the partial charges for all atoms are
very similar between the two unit cells.
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Figure 4.3: Chemically distinct atoms in rht-MOF-7 defining the numbering system correspond-
ing to Table 4.1. Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
Atom Label A q (e−) B q (e−)
Cu 1 0.8254 1.3041
Cu 2 1.3110 0.9131
O 3 -0.7176 -0.7216
O 4 -0.7210 -0.7297
O 5 -0.7433 -0.7241
O 6 -0.7154 -0.7331
C 7 0.9130 0.9372
C 8 0.9703 0.9618
C 9 0.0015 -0.0363
C 10 -0.0978 -0.1105
C 11 -0.2095 -0.1810
H 12 0.2114 0.1822
C 13 -0.4080 -0.3725
C 14 -0.2640 -0.2582
H 15 0.2466 0.2220
H 16 0.2318 0.2000
C 17 0.4507 0.4187
N 18 -0.6993 -0.6668
H 19 0.3787 0.3719
C 20 1.0064 0.9665
N 21 -0.9027 -0.8351
Table 4.1: Partial charges, in units of electrons, used in the simulations for the two crystal
structures of rht-MOF-7 reported by the two groups. Label of atoms corresponds to Figure 4.3.
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The simulations were also performed with many-body polarization interactions that were
modeled via the atomic point polarizability model. More details of many-body polarization can
be found elsewhere2,17–20,24 and in the Supporting Information of Ref 148. The atomic point
polarizabilities for all light atoms used a set of rigorously parameterized empirical values that
were shown to be highly transferable.2,13,20,24,79,80,102,112,113,140–142 These atoms were assigned the
exponential polarizabilities (C = 1.28860 A˚3, H = 0.41380 A˚3, O = 0.85200 A˚3, N = 0.97157 A˚3)
and associated damping parameter (λ = 2.1304) provided by the work of van Duijnen et al.20
An atomic point polarizability value of 2.19630 A˚3 was used to parameterize the Cu2+ ions; this
parameter was determined in our earlier work in PCN-61.24
4.4.2 CO2 Potentials
Two CO2 potentials that were parameterized using the standard sorbate fitting procedure de-
veloped in our group23 were used for the simulations in this work. The CO2-PHAST model
26 is
a rigid five–site model that includes charge-quadrupole effects via point partial charges that are
localized on the atomic centers of the CO2 molecule. Lennard-Jones repulsion/dispersion param-
eters are located on the carbon atom and phantom sites extending 1.091 A˚ from the carbon along
the C∞ axis in each direction. Implicit inclusion of induced dipole effects through adjustments
of the extant energetic parameters allows for duplication of experimental results for both bulk
CO2 and sorption in relatively nonpolar MOFs such as MOF-5. In polar MOF environments,
however, the increase in induced dipole magnitudes stemming from the interaction between the
sorbate molecules and a charged interface results in a failure to reproduce experimental data
in simulation, generally underestimating sorption by a significant amount. Note, the nonpolar
model can also oversorb the experimental measurements in charged/polar MOFs by a consider-
able amount as observed in this work at higher densities due to changes in the sorbate packing
strucuture.13 In these cases, the lack of induced dipole interactions causes an overly favorable
orientation between the sorbate molecules and the MOF environment, suggesting that explicit
polarization is needed to produce realistic geometries in the MOF environments to decrease the
sorption.
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Model Site (K) σ(A˚) q (e−) α◦(A˚3)
TraPPE C 27.00000 2.80000 0.70000 0.00000
O 79.00000 3.05000 -0.35000 0.00000
C 8.52238 3.05549 0.77108 0.00000
CO2-PHAST O 0.00000 0.00000 -0.38553 0.00000
OS 76.76607 2.94473 0.00000 0.00000
C 19.61757 3.30366 0.77134 1.22810
CO2*-PHAST O 0.00000 0.00000 -0.38567 0.73950
OS 46.47457 2.99429 0.00000 0.00000
Table 4.2: Parameters used to characterize the TraPPE, CO2-PHAST, and CO2*-PHAST CO2
models. C and O corresponds to the carbon and oxygen atoms, respectively. OS refers to the
off-site positions.
CO2*-PHAST
26 is a version of CO2-PHAST that includes explicit many-body polarization
effects via atomic point polarizabilites localized on the atomic positions. This model reproduces
experimental data even in highly charged/polar environments. Further, explicit polarization
helps bring the sorption down into line with experimental data in cases where the nonpolar
model oversorbs by a large amount. The addition of explicit induction causes alterations in the
CO2*-PHAST repulsion/dispersion and charge-quadrupole parameters relative to those for the
CO2-PHAST model. In addition to changes in the magnitudes of the parameters, the off-site
Lennard-Jones parameters for the CO2*-PHAST model shift to 1.114 A˚ from the carbon atom.
TraPPE25,139 is a widely known and used three–site CO2 model that includes explicit repul-
sion/dispersion and charge-quadrupole interaction terms on the carbon and oxygen atoms of the
molecule. This model was fit to reproduce vapor-liquid equilibria behavior of carbon dioxide
and was tested in carbon dioxide/alkane mixtures, producing a highly transferable model for
simulation of solutions. Although the TraPPE model was not fit to ab initio dimer interactions,
it was found to produce excellent agreement to most of those dimer curves corresponding to
interactions that are frequently observed in neat CO2.
26 However, at heterogeneous solid inter-
facial systems such as charged/polar MOFs, dimer interactions with negligible contributions to
gas/liquid interactions can become significant, and a model that was not designed to reproduce
these interactions cannot be expected to accurately reproduce the experimental data in such
systems.
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All three models were used in modeling CO2 sorption in rht-MOF-7 to understand the CO2
sorption mechanism at work. The parameters for the CO2 models can be found in Table 4.2.
4.4.3 H2 Potentials
Hydrogen sorption was performed in rht-MOF-7 using three different hydrogen potential energy
functions of increasing anisotropy. The first model, here designated Buch,,22 is a single site
model that includes only van der Waals repulsion/dispersion parameters. The second model,
known as BSS,23 is a five–site model that includes repulsion/dispersion and charge-quadrupole
interaction parameters. The partial charges are located on the center-of-mass site and the true
atomic locations of the H atoms. The Lennard-Jones parameters are localized on the center-of-
mass site and two off-site positions that extend 0.329 A˚ away from the median site. The third
model, called BSSP,23 is an analogue of the previous model with explicit many-body polarization
terms. The center-of-mass site and the atomic sites include the partial charges and atomic point
polarizability parameters. The off-site positions in this model are shifted to 0.363 A˚ from the
median site. All three models have been shown to reproduce bulk thermodynamic properties of
hydrogen up to liquid densities.22,23,66 The BSS and BSSP models can both describe the accurate
sorption of H2 in relatively nonpolar MOFs such as MOF-5
12 and in polar MOFs with extremely
narrow pore sizes,13,140 but it is the BSSP model that accurately describes the correct sorption
behavior in charged/polar MOFs with high surface areas where induced dipole energetics are
Model Site (K) σ(A˚) q (e−) α◦(A˚3)
Buch COM 34.20000 2.96000 0.0000 0.00000
COM 8.85160 3.22930 -0.7464 0.00000
BSS H 0.00000 0.00000 0.3732 0.00000
OS 4.06590 2.34060 0.0000 0.00000
COM 12.76532 3.15528 -0.7464 0.69380
BSSP H 0.00000 0.00000 0.3732 0.00044
OS 2.16726 2.37031 0.0000 0.00000
Table 4.3: Parameters used to characterize the Buch, BSS, and BSSP H2 models. COM refers
to the center-of-mass (median) site, H corresponds to the true atomic locations, and OS refers
to the off-site positions.
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critical for sorption of hydrogen onto the open-metal sites.24,102 The parameters for the three
hydrogen potentials can be found in Table 4.3.
4.5 Results and Discussion
4.5.1 CO2 Sorption
The GCMC-simulated CO2 sorption isotherms for the three CO2 potentials in rht-MOF-7 at 298
K are shown in Figure 4.4(a) and compared to the two sets of experimental data. More details
of the GCMC methods, including a description of how certain thermodynamic properties are
calculated can be found in the Supporting Information of Ref 148. The simulated isotherms for
the CO2-PHAST and CO2*-PHAST models in both crystal structures were in excellent agreement
with Eddaoudi et al.’s experimental data, while the results underestimate Li et al.’s data by a
significant amount. The average uptakes that were produced between the simulation in both unit
cells are also in outstanding agreement with Eddaoudi et al.’s results. In contrast, simulations
using the TraPPE model produced isotherms that are in reasonable agreement, at least at higher
loadings, with Li et al.’s experimental data. TraPPE has been shown to often oversorb in
heterogeneous environments and to give generally unpredictable results for sorption in MOFs
with strong interactions.26,140,142 In addition, examination of the modeled unit cell for simulations
using the TraPPE potential revealed that the majority of CO2 molecules were essentially sorbing
to regions that are dominated by van der Waals and electrostatic interactions, specifically, the
corners of the truncated tetrahedral cages. Thus, the TraPPE model produces higher CO2
uptake than the other two models at higher pressures because the TraPPE CO2 molecules are
simply sorbing to regions where van der Waals and electrostatic interactions dominate. Further,
it can been seen that the uptakes produced by the TraPPE model are lower than those for the
CO2*-PHAST model at low loading, which indicates that the TraPPE model does not capture
sorption onto the open-metal sites and other highly favorable sorption sites as effectively as the
polarizable model.
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Considering our most reliable CO2*-PHAST model, it can be seen that at 298 K and low
pressures, simulations in crystal structure A undersorb both experimental isotherms while sim-
ulations in crystal structure B produces uptakes in excess of those reported by Eddaoudi et al.,
resulting in good agreement with this experimental isotherm for the average value. At higher
pressures and/or lower temperatures, the situation reverses with crystal structure A producing
higher uptakes. The superiority of crystal structure B as a sorbent under very mild conditions
is attributed to the initial sorption site consisting of binding between two Cu1 ions simulata-
neously, which correlates to a highly favorable interaction. In crystal structure A, this site is less
favorable owing to the higher electron density about the Cu1 ions in this unit cell, which reduces
the interaction potential with the CO2 oxygen atoms. As a result, the immediate saturation of
this site in the former structure results in higher uptakes than sorption onto a single Cu2 ion,
the less favorable primary sorption site in crystal structure A. Under more extreme conditions,
loading into secondary sites occurs, for which crystal structure A proves to be the more favorable
structure; this results in uptakes in excess of those for crystal structure B.
The 298 K experimental CO2 isotherms reported by Eddaoudi et al. and Li et al. are
vastly different, with Li et al. measuring a CO2 uptake of approximately 1.5 times higher
for all low-pressure state points. Experimental results also show deviations in CO2 uptakes
at other temperatures between the two groups, particularly 288 K and 273 K. The simulated
CO2 sorption isotherms compared to experimental data at other temperatures can be found in
the Supporting Information of Ref 148. Simulations of CO2 sorption were also performed in
rht-MOF-7 at these temperatures, and the results agreed well with Eddaoudi et al.’s data for
the CO2*-PHAST model. Note, the CO2-PHAST model was observed to oversorb Eddaoudi et
al.’s experimental data and producing higher uptakes than the CO2*-PHAST model at lower
temperatures (e.g., 273 K). This is because the lack of explicit polarization for the CO2-PHAST
model leads to less structured sorbate packing mechanisms at high densities. The inclusion of
induced dipole interactions results in distinct sorbate geometries in the MOF structure while
decreasing overall sorption. Further, Eddaoudi et al. also reported a CO2 sorption isotherm at
258 K. The simulated CO2 isotherms at this temperature agreed well with the corresponding
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experimental data for only the CO2*-PHAST model (Figure 4.4(b)). It can be seen that the
TraPPE and CO2-PHAST models oversorb the experimental data by a significant amount due
to reasons descibed above for the respective models.
Figure 4.4(c) shows the GCMC-calculated Qst values at 298 K for all models compared to the
two sets of experimental data. The Qst values produced by the three models in both unit cells are
in excellent agreement with Eddaoudi et al.’s experimental data for CO2 loadings between 0.50
and 4.0 mmolg−1. The high initial Qst value at zero loading corresponds to a strong interaction
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Figure 4.4: Low pressure (up to 1.0 atm) CO2 sorption isotherms in rht-MOF-7 at (a) 298 K
and (b) 258 K for experiment (Eddaoudi et al. = solid black, Li et al. = dashed black), TraPPE
model (blue), CO2-PHAST model (green) and CO2*-PHAST model (red). (c) Isosteric heats
of adsorpion, Qst, in rht-MOF-7. The shapes indicate the unit cell in which the simulation was
performed in, with circles corresponding to crystal structure A and triangles corresponding to
crystal structure B. The average between the two unit cells are represented by the colored solid
lines.
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between the CO2 molecules and the open-metal sites. This value was reproduced using the
CO2*-PHAST model for simulation in crystal structure B. Note, this high initial Qst value was
only reproduced from the simulation involving explicit polarization in crystal structure B and
not crystal structure A. Electronic structure calculations showed that the Cu1 ions (the ions
facing towards the center of the linker) had the higher partial positive charge in crystal structure
B, whereas the opposite was observed in crystal structure A (see Section IIA). This difference
in partial charges in the Cu2+ ions of the paddlewheels have led to a different initial Qst when
simulating in both structures. It was determined from our studies that the higher charge on
the Cu1 ion (observed in crystal structure B) is needed for the initial binding of CO2 molecules
between the two Cu1 ions of adjacent paddlewheels; this initial sorption site correlates to the
high initial Qst for rht-MOF-7. Without the higher static dipole parameters for the Cu1 ion,
the ions cannot hold onto the CO2 molecules very tightly through induction, and this causes
the initial Qst to drop. However, as the loading increases, the Qst values are similar for both
structures. In addition, it can be seen that the simulations capture the step that is observed in
Eddaoudi et al.’s Qst data. The lower Qst value calculated for the CO2-PHAST and TraPPE
models at low loadings compared to Eddaoudi et al.’s data indicates that implicit induction is not
enough to completely describe sorption onto the open-metal sites at these loadings due to weaker
interactions between the sorbate molecule and the metal. However, as the loading increases and
the sites continue to fill, the calculated Qst values for the CO2*-PHAST and TraPPE models
matches the values reported by Eddaoudi et al.
Figure 4.5 shows the difference histogram plot in rht-MOF-7 for the CO2*-PHAST and
TraPPE models at 298 K and 0.20 atm in crystal structure B, where the sites of significant occu-
pancy are shown for one CO2 potential, but not the other, and vice versa. The three-dimensional
histogram reveals notable differences within the sorption sites between the two models at this
loading. It can be seen that the majority of sorbate molecules using the CO2*-PHAST model
are located in the region between two Cu1 ions of neighboring paddlewheels. Specifically, the
center-of-mass of the sorbed CO2 molecules for the CO2*-PHAST model are nearly equidistant
from the two Cu1 ions. This is a highly favorable site for CO2 sorption at low loading and the
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Figure 4.5: The three-dimensional difference histogram showing the sites of CO2 sorption for
the CO2*-PHAST and TraPPE potentials in rht-MOF-7 at 298 K and 0.20 atm. The magenta
regions indicate occupancy for the CO2*-PHAST model, but not for the TraPPE model. The
gray regions indicate occupancy for the TraPPE model, but not for the CO2*-PHAST model.
The results are shown for crystal structure B.
polarizable model captures this interaction greatly. This site is frequently occupied in crystal
structure B relative to crystal structure A because of the higher positive charge on the Cu1 ions
in the former.
In contrast, the TraPPE model captures a few CO2 molecules sorbing in the region of the
Cu1 ions at low loading. This indicates that sorption onto the Cu1 ions is less prominent
for the TraPPE model compared to the CO2*-PHAST model. Moreover, it can be seen in
the histogram that the majority of TraPPE CO2 molecules are sorbed into the corners of the
truncated tetrahedral cages. The binding of CO2 molecules in this area is governed by van
der Waals and charge-quadupole interactions. Thus, the TraPPE potential produces higher
CO2 uptakes for simulation in rht-MOF-7 because a significant quantity of these molecules are
essentially crowding into the corners of the truncated tetrahedral cages across all loadings. On the
other hand, the aforementioned region becomes occupied only at higher loadings for the CO2*-
PHAST models, after the open-metal sites are occupied. Note, a similar difference histogram
can be seen for the CO2*-PHAST and TraPPE models in crystal structure A, except that the
CO2 molecules are sorbed in the region of the Cu2 ions in this unit cell for the former model.
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The radial distribution functions, g(r), of CO2 carbon atoms at 298 K and 0.20 atm about the
Cu1 and Cu2 ions show notable differences between the models as well as the crystal structures
(Figure 4.6). When examining the radial distribution functions about the Cu1 ions, all simulated
results have a dominant peak at approximately 3.25 A˚ from the metal (Figure 4.6(a)); this peak
correlates to sorption between the two Cu1 ions of adjacent paddlewheels. Indeed, examination
of the system’s coordinates reveals one CO2 oxygen atom sorbing onto the Cu1 ion of one
paddlewheel and the other oxygen atom sorbing onto said ion of a nearby paddlewheel (Figure
4.7(a)). Thus, a favorable interaction can be seen as the CO2 molecules locked in between the
Cu1 ions of adjacent paddlewheels. This interaction can explain why the experimental initial
Qst value is so high in this MOF, as the very narrow pore sizes exhibited by rht-MOF-7 allows
this strong interaction to be possible. Tuning the pore size of a MOF can lead to an optimal
interaction between sorbate molecules and the framework.38
As shown in Figure 4.6(a), noticeable differences in the magnitude of the 3.25 A˚ radial
distribution peak were observed between the models and the crystal structures. All models in
crystal structure A have similar peaks, as does the TraPPE model in crystal structure B. The 3.25
A˚ radial distribution peak for the CO2-PHAST and CO2*-PHAST models in crystal structure B
deviate with magnitudes of twice and 2.5 times that of crystal structure A, respectively. It can
be observed that sorption between the two Cu1 ions is a favorable sorption site for all models
and crystal structures. Higher affinities exist in crystal structure B, which has higher static
dipole parameters on the Cu1 ions. Further, these higher charges on the Cu1 ions induce larger
dipoles on the CO2 molecule, which results in a significant enhancement of Cu-CO2 interactions.
A smaller secondary peak is relatively flat for all models but does have higher occupancy for
crystal structure A, with the CO2*-PHAST model showing a notable shift towards the ion.
Note, the CO2*-PHAST model in crystal structure B is most consistent with the initial Qst
value observed experimentally. It is also interesting that the CO2-PHAST nonpolar model does
a reasonable job of capturing this interaction even without explicit polarization.
The radial distribution functions about the Cu2 ion reveal two peaks, with the 5.25 A˚ peak
corresponding to sorption onto the Cu1 ion and showing a similar spread of occupancies (Figure
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4.6(b)). The nearest–neighbor peak at 3.25 A˚ however, corresponds to the sorption of CO2
onto the Cu2 ions (Figure 4.7(b)), and is a partial contributor to the secondary peak in the
g(r) about Cu1 ion. Notably, the peak shows negligible populations in crystal structure B, but
significant occupancies for the CO2*-PHAST model in crystal structure A. The CO2-PHAST
model generated approximately half of the CO2*-PHAST result for the 3.25 A˚ radial distribution
peak in crystal structure A, while the TraPPE model yielded results that are only slightly higher
than the corresponding results in crystal structure B. It is apparent that the lower charge observed
on the Cu2 ion of crystal structure B is insufficient to motivate sorption onto this site under
these conditions, indicating that sorption onto the lower charged Cu1 ion in crystal structure A
is facilitated by the interaction of two such metal sites. Additionally, explicit dipole interactions
act as a strong contributing force to Cu-CO2 sorption mechanisms.
The aforementioned nearest–neighbor peak distance for sorption onto the Cu2+ ions is com-
parable to the Cu-CO2 distances observed in HKUST-1, a prototypical MOF with copper pad-
dlewheel clusters, which have been determined experimentally via neutron powder diffraction
(NPD).149 The deviation in the magnitudes of the 3.25 A˚ radial distribution peak between the
CO2 models in crystal structure B can be explained by an increase in sorption onto the open-
metal sites with the inclusion of explicit induction for the CO2*-PHAST model. It can be inferred
that, while sorption onto this site is not motivated solely by induced dipole effects, the absence
of this interaction causes a more shallow energy minimum. Notably, at very low pressures where
open-metal sites are not fully saturated, the CO2-PHAST and TraPPE models undersorbs Ed-
daoudi et al.’s experimental isotherm, a result which is consistent with weaker attraction to the
initial loading sites.
Figure 4.8 shows the normalized distribution of induced dipoles for the CO2*-PHAST model
in both reported crystal structures for rht-MOF-7 at 298 K and various pressures. Simulations
in both unit cells show similar bimodal distributions, though notable shifts in the magnitudes
were observed. The high dipole peak, ranging from 0.35 to 1.0 D for crystal structure A (Figure
4.9(a)) and 0.45 to 1.0 D for crystal structure B (Figure 4.10(a)), corresponds to sorption directly
onto the open-metal sites. In both cases, the CO2 molecules are attracted to the Cu
2+ ion
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with the lower electron density (higher partial positive charge) as indicated by relative partial
charge magnitudes (Cu2 in crystal structure A, Cu1 in crystal structure B). The higher dipole
magnitudes for crystal structure B are consistent with sorption onto the Cu1 ion sites since
this site corresponds to the high initial CO2 Qst value in this MOF. This is a consequence of the
tendency of the sorbate molecule to bind onto two neighboring Cu1 ions simultaneously, resulting
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Figure 4.6: Radial distribution function, g(r), of CO2 carbon atoms about (a) the Cu1 ions
(atom label 1 in Figure 4.3) and (b) the Cu2 ions (atom label 2 in Figure 4.3) in rht-MOF-7
at 298 K and 0.20 atm for the TraPPE model (blue), CO2-PHAST model (green) and CO2*-
PHAST model (red). Line type indicate the unit cell in which the simulation was performed in,
with solid corresponding to crystal structure A and dashed corresponding to crystal structure B.
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(a) (b)
Figure 4.7: Molecular illustration of the CO2*-PHAST CO2 molecule orientation about (a)
the Cu1 ion (atom label 1 in Figure 4.3) and (b) the Cu2 ion (atom label 2 in Figure 4.3) in
rht-MOF-7. Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
in a stronger interaction than that observed for sorption onto a single Cu2 ion as observed in
crystal structure A.
While crystal structure A exhibits a moderate amount of sorbate interaction with the Cu1
ions, the less optimal Cu–Cu distance as well as the higher electron density on the Cu1 ions causes
said ions to induce dipoles of lesser magnitude on the CO2 molecules, which do not contribute
to the peak ranging from 0.35 to 1.0 D. Rather, this peak for crystal structure A corresponds to
the loading of CO2 molecules onto the Cu2 ions, which is a site that is not observed in crystal
structure B due to lower partial charge on this ion. Because a single Cu2 ion can coordinate
to a given CO2 molecule, the number of available sorption sites for the Cu2 ions is double
that of the Cu1 ion, resulting in the greater occupancy observed for crystal structure A. The
low dipole magnitude peaks for both unit cells correspond to sorption into the corners of the
truncated tetrahedral and truncated octahedral cages as well as sorption onto the Cu1 ions for
crystal structure A and secondary sorption in that region for both structures (Figures 4.9(b) and
4.10(b)).
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Figure 4.8: Normalized CO2 dipole distribution at 298 K and various pressures for the CO2*-
PHAST model in rht-MOF-7. Line type indicate the unit cell in which the simulation was
performed in, with solid corresponding to crystal structure A and dashed corresponding to crystal
structure B.
(a) 0.35 D and Above (b) 0.00 D to 0.15 D
Figure 4.9: 3-D histograms of CO2 sorption for the CO2*-PHAST model in rht-MOF-7 at 298 K
and 0.20 atm showing the regions of occupancy (blue) as a function of induced dipole magnitude
for crystal structure A. (a) 0.35 D and above. (b) 0.00 D to 0.15 D. Atom colors: C = green, H
= white, N = blue, O = red, Cu = black.
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(a) 0.45 D and Above (b) 0.00 D to 0.20 D
Figure 4.10: 3-D histograms of CO2 sorption for the CO2*-PHAST model in rht-MOF-7 at 298 K
and 0.20 atm showing the regions of occupancy (blue) as a function of induced dipole magnitude
for crystal structure B. (a) 0.45 D and above. (b) 0.00 D to 0.35 D. Atom colors: C = green, H
= white, N = blue, O = red, Cu = black.
4.5.2 H2 Sorption
H2 sorption in rht-MOF-7 was simulated at 77 K and 87 K to compare with experimental mea-
surements and perhaps shed light on the variations observed between the different measurements.
The low pressure (up to 1.0 atm) H2 sorption isotherms for all three hydrogen potentials com-
pared to Eddaoudi et al.’s and Li et al.’s experimental data at 77 K are shown in Figure 4.11(a).
The Buch model, a control potential with only Lennard-Jones interactions, undersorbs Eddaoudi
et al.’s experimental data in both unit cells, especially at low pressures, suggesting that van der
Waals interactions do not describe sorption at initial loading in polar MOFs accurately. However,
it can be seen that the Buch model isotherms come closely in line with Eddaoudi et al.’s data at
1.0 atm. The Buch model isotherms in both unit cells are very similar to each other, and this
was to be expected since both unit cells were treated with UFF Lennard-Jones parameters for
all atoms to describe repulsion/dispersion interactions. Note, by ambient pressures the material
is acting primarily as a container for H2.
The BSS and BSSP model isotherms in both unit cells are in outstanding agreement with
Eddaoudi et al.’s experimental data for pressures up to 0.30 atm. At pressures beyond 0.30
atm, the simulated isotherms trend slightly higher than Eddaoudi et al.’s data. As a result, the
simulated uptakes lie between the two sets of experimental data at 1.0 atm. The experimental
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hydrogen uptake at 77 K and 1.0 atm in rht-MOF-7 as measured by Eddaoudi et al. and Li et al.
are ca. 11.14 mmolg−1 and 13.50 mmolg−1, respectively. The simulated uptakes for the BSS and
BSSP models in both crystal structures under the same conditions ranges from 12.08 to 12.33
mmolg−1. Hence, the simulated isotherms are still closer to Eddaoudi et al.’s results. It can be
seen that polarization contributes less proportionally to the sorption for hydrogen in rht-MOF-7;
this can be explained by the small pore size exhibited by the MOF, as smaller pores cause van
der Waals interactions to dominate for gas sorption. Note, the hydrogen sorption results at 87
K show analogous trends for the simulated sorption isotherms for the three hydrogen potentials
compared to the two sets of experimental data in both crystal structures (Figure 4.11(b)). Here,
though, the data by Li et al. seems significantly higher than any of the theoretical models that
surround the data by Eddaoudi et al.
The isotherms for the BSS model, a potential including charge–quadrupole interactions and
some implicit polarization, in both unit cells are nearly identical. This implies that electrostatic
interactions cannot distinguish between the hydrogen sorption characteristics of both crystal
structures of rht-MOF-7. The BSSP model uptakes in crystal structure B are slightly higher
than those produced in crystal structure A at 77 K and low pressures, which can be explained by
more hydrogen molecules sorbing onto the Cu1 ions of the paddlewheels in the former. Crystal
structure B consists of the higher partial charge on the Cu1 ion, and this facilitates the loading
of hydrogen molecules onto that site with the inclusion of induced dipole interactions. The Cu1
ion has the lower charge of the two Cu2+ ions in crystal structure A, and this causes the Cu1 ion
to interact with the hydrogen molecules less strongly. However, the Cu1 ion is still a favored site
for hydrogen sorption in crystal structure A, and the hydrogen molecules do sorb there at low
loading. Note, because crystal structure A has the higher charge on the Cu2 ion, this site gets
loaded at higher pressures after all the Cu1 ions are filled. This can be observed in the simulated
BSSP model sorption isotherms for the two unit cells at 77 K as the uptakes in crystal structure
A surpass those in crystal structure B at approximately 0.80 atm.
For Eddaoudi et al.’s data, the experimental Qst values for H2 in rht-MOF-7 were determined
by applying the virial method108 to the experimental hydrogen sorption isotherms at 77 K and
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87 K. Similar numerical methods were used to calculate the Qst for H2 in the work of Li et al.
The two experimental Qst plots are shown in Figure 4.11(c). The initial hydrogen Qst value
for Eddaoudi et al.’s data is 6.77 kJmol−1 while Li et al. calculated a value of 8.29 kJmol−1.
Eddaoudi et al.’s Qst values decreases to about 4.95 kJmol
−1 at a loading of 250 cm3g−1. Li et
al.’s Qst values decline to approximately 5.80 kJmol
−1 at a loading of 150 cm3g−1 (no Qst data
is available beyond 150 cm3g−1 for Li et al.’s data). Indeed, there is a big difference in the Qst
values calculated by both groups, which makes sense based on their respective hydrogen sorption
isotherms.
The Qst values for the Buch model for both crystal structures of rht-MOF-7 was observed to
underestimate Eddaoudi et al.’s experimental data at low loading. This is consistent with the
notion that van der Waals interactions are not sufficient to capture the sorption of hydrogen onto
the open-metal sites. As the loading increases, the Buch model Qst values agree with Eddaoudi et
al.’s data between 200 to 250 cm3g−1. In addition, the Buch model produced similar Qst values in
both configurations, which is consistent to the Buch model isotherms that were produced in these
crystal structures. For the BSS model, the Qst values are in good agreement with Eddaoudi et
al.’s experimental data across all loadings for both crystal structures. The Qst values are slightly
higher in crystal structure B compared to crystal structure A, which probably signifies more H2
molecules sorbing onto the Cu1 ion in crystal structure B.
The Qst values for the BSSP model in crystal structure A are in very good agreement with
Eddaoudi et al.’s Qst plot. On the other hand, the Qst values for the same model are higher
in crystal structure B, especially at low loading. The initial Qst value for the BSSP model in
crystal structure B is 7.12 kJmol−1. Although this is higher than Eddaoudi et al.’s initial Qst,
it underestimates the initial Qst value that was calculated by Li et al. by a large amount. In
crystal structure B, the Cu1 ions are binding to the hydrogen molecules more strongly due to the
higher charge on this ion, which explains the increase in initial Qst compared to the simulation
in crystal structure A. However, as the loading increases, the BSSP model Qst values in crystal
structure B can be seen agreeing with Eddaoudi et al.’s data between 200 to 250 cm3g−1.
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In crystal structure A, the peak corresponding to the sorption of BSSP H2 molecules onto
the Cu1 ion is shifted to 3.2 A˚, and the magnitude of the peak is much smaller compared to that
in crystal structure B as well. Since the Cu1 ion has the lower charge in crystal structure A,
the hydrogen molecules cannot sorb onto this site strongly with explicit induction as a result of
weaker static dipole parameters. The BSS model has a similar distribution in crystal structure
A, indicating that many-body polarization effects are negligible for sorption onto the Cu1 ions
in this crystal structure. In crystal structure B, the BSS and Buch models produced peaks
at approximately 3.0 and 3.2 A˚, respectively. Although the BSS molecules can load onto the
Cu1 ions with the correct configuration as a result of the narrow pore size for the MOF, it was
observed that the loss of explicit induction reduces the nearest–neighbor peak to a third of its
value. Additionally, removal of explicit electrostatics further reduces the occupancy by a factor
of 2 as seen in the case for the Buch model. The radial distribution functions for the Buch model
in both unit cells are very similar to each other; this is expected as differences in the charge
distribution do not come into play.
The radial distribution functions of H2 molecules about the Cu2 ions at 77 K and 0.05 atm
show similar distributions for all three models in crystal structure B (Figure 4.12(b)). The
peak observed at 5.3 A˚ for all models correspond to sorption into the corners of the truncated
tetrahedral cages. This region is dominated by van der Waals interactions, and because these
interactions are the major contributor to the total energy of the MOF-H2 system, it makes sense
that a large number of hydrogen molecules would sorb here. This peak is shifted to 5.5 A˚ in
crystal structure A for all models. For the BSSP model, a small peak at 2.7 A˚ was found for
simulations in crystal structure A. This peak corresponds to sorption onto the Cu2 ion of the
metal paddlewheels. Since the Cu2 ion has the higher charge of the two ions in crystal structure
A, it promotes H2 sorption onto this site when polarization effects are included. Indeed, it can be
seen through the examination of the system’s coordinates that the hydrogen molecules can sorb
onto the Cu2 ion in a T-shaped configuration for the BSSP model (Figure 4.13(b)). Hence, it
was observed that the hydrogen molecules sorb onto both metal sites in crystal structure A. The
region between the Cu1 ions is occupied first at low loading since this area is highly polarized
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Figure 4.11: Low-pressure (up to 1.0 atm) absolute hydrogen sorption isotherms in rht-MOF-7 at
(a) 77 K and (b) 87 K for experiment (Eddaoudi et al. = solid black, Li et al. = dashed black),
Buch model (blue), BSS model (green), and BSSP model (red). (b) Isosteric heats of adsorption,
Qst, for hydrogen in rht-MOF-7. The shapes indicate the unit cell in which the simulation was
performed in, with circles corresponding to crystal structure A and triangles corresponding to
crystal structure B. The average between the two unit cells are represented by the colored solid
lines.
and is dominated by electrostatics and induction, and then the Cu2 ion gets filled afterwards. At
higher pressures (e.g., 1.0 atm), more hydrogen molecules can sorb onto the Cu2 ion in crystal
structure A and the 2.7 A˚ radial distribution peak that is seen for the BSSP model increases
in magnitude (see Supporting Information of Ref 148). The Buch and BSS models cannot sorb
onto this site in crystal structure A due to the lack of explicit induction terms. No such binding
onto the Cu2 ion was observed in crystal structure B since the Cu2 ion has the lower charge in
this structure. Note, though the hydrogen molecules are attracted to the Cu1 ions in crystal
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structure A despite its lower charge, this is in contrast to what was observed for CO2 sorption
in rht-MOF-7. For simulations of CO2 sorption, the sorbate molecules are more sensitive to the
charge on the Cu2+ ions of the paddlewheels, as these molecules initially sorb onto the Cu2+ ion
that has the higher positive charge.
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Figure 4.12: (a) Radial distribution function, g(r), about (a) the Cu1 ions (atom label 1 in
Figure 4.3) and (b) the Cu2 ions (atom label 2 in Figure 4.3) at 77 K and 0.05 atm for the
Buch model (blue), BSS model (green), and BSSP model (red). Line type indicate the unit cell
in which the simulation was performed in, with solid corresponding to crystal structure A and
dashed corresponding to crystal structure B.
100
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Figure 4.13: Molecular illustration of the BSSP H2 molecule (orange) orientation about (a)
the Cu1 ion (atom label 1 in Figure 4.3) and (b) the Cu2 ion (atom label 2 in Figure 4.3) in
rht-MOF-7. Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
0 0.05 0.1 0.15 0.2 0.25
Dipole Magnitude (Debye)
0
0.05
0.1
0.15
0.2
0.25
N
or
m
al
iz
ed
 H
2 
Po
pu
la
tio
n
0.05 atm (Cryst. Struct. A)
0.20 atm (Cryst. Struct. A)
0.40 atm (Cryst. Struct. A)
1.00 atm (Cryst. Struct. A)
0.05 atm (Cryst. Struct. B)
0.20 atm (Cryst. Struct. B)
0.40 atm (Cryst. Struct. B)
1.00 atm (Cryst. Struct. B)
Figure 4.14: Normalized H2 dipole distribution at 77 K and various pressures for the BSSP model
in rht-MOF-7. Line type indicate the unit cell in which the simulation was performed in, with
solid corresponding to crystal structure A and dashed corresponding to crystal structure B.
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Examination of the normalized hydrogen dipole distribution for the BSSP model in both
crystal structures at 77 K and various pressures reveals a trinodal distribution for both unit cells
(Figure 4.14). The broad peak representing dipole magnitudes of 0.10 D and above correlates to
sorption onto the open-metal sites (Figures 4.15(a) and 4.16(a)). In the case of crystal structure
A, sorption is primarily observed onto the Cu2 ions, although the Cu1 ions are occupied at lower
loadings. In crystal structure B, the majority of hydrogen molecules are sorbed onto the Cu1 ions.
The peak from 0.070 D to 0.090 D (Figure 4.15(b)) and 0.065 D to 0.080 D (Figure 4.16(b)) for
crystal structures A and B, respectively, corresponds to secondary sorption about the hydrogen
molecules that are sorbed onto the Cu2+ ions of the paddleweels. Notably, in crystal structure
B, the hydrogen molecules with these dipole magnitudes were also observed in the corners of the
truncated tetrahedral cages where the closest interaction between the hydrogen molecules and
the copper paddlewheels occurs. This accounts for the greater relative population of hydrogen
molecules with these dipoles in comparison to crystal structure A. The low dipole magnitude
peak for both crystal structures corresponds to sorption into the truncated tetrahedral cages
(Figures 4.15(c) and 4.16(c)). This includes sorption into the corners of those cages for crystal
structure B and secondary sorption into that region for both crystal structures. Additionally,
loading onto the center of ligand near the triazine groups was observed in both structures, though
with less frequency than sorption into corners of the truncated tetrahedral cages.
While the first and second favored binding sites for hydrogen sorption in rht-MOF-7 corre-
sponds to sorption onto the Cu1 and Cu2 ions, respectively, it was determined from the simula-
tions that the third and fourth sites in this MOF corresponds to sorption onto the center of the
linkers (Figure 4.17(a)) and into the corners of the truncated tetrahedral cages (Figure 4.17(b)),
respectively. In the latter case, this site consists of loading in the area between three copper
paddlewheels which constitutes a cavity that can accommodate between three to four hydrogen
molecules. In the case of the third binding site, loading occurs onto the 1,3,5-triazine nitrogen
atoms within the same cage. While sorption onto this site from the truncated octahedral cage
does occur, this is considerably less frequent due to the more spacious interior of this cage. Due
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(a) 0.10 D and Above (b) 0.070 D to 0.090 D
(c) 0.00 D to 0.030 D
Figure 4.15: 3-D histograms of H2 sorption for the BSSP model in rht-MOF-7 at 77 K and
0.20 atm showing the regions of occupancy (blue) as a function of induced dipole magnitude for
crystal structure A. (a) 0.10 D and above. (b) 0.070 D to 0.090 D. (c) 0.00 D to 0.030 D. Atom
colors: C = green, H = white, N = blue, O = red, Cu = black.
to the preference for the truncated tetrahedral cages, the center of each linker in rht-MOF-7 can
sorb up to three hydrogen molecules.
In order to confirm the theoretical predictions of the hydrogen sorption sites in rht-MOF-7,
inelastic neutron scattering (INS) studies were performed for hydrogen in the MOF. More details
of collecting the experimental INS spectra can be found in the Supporting Information of Ref
148. The INS spectra from hydrogen molecules sorbed in rht-MOF-7 are shown in Figure 4.18 for
five different loadings. The amounts of hydrogen sorbed were calculated relative to the number
of Cu2+ ion sites in the structure in an initial attempt to attribute the observed peaks to different
binding sites, and were taken to be 0.75, 1.5, 2.25, 3 and 4 H2 per formula unit, respectively.
The highest loading corresponds to 14.94 mmolg−1 (2.92 wt %) of H2 sorbed.
103
(a) 0.10 D and Above (b) 0.065 D to 0.080 D
(c) 0.00 D to 0.050 D
Figure 4.16: 3-D histograms of H2 sorption for the BSSP model in rht-MOF-7 at 77 K and
0.20 atm showing the regions of occupancy (blue) as a function of induced dipole magnitude for
crystal structure B. (a) 0.10 D and above. (b) 0.065 D to 0.080 D. (c) 0.00 D to 0.050 D. Atom
colors: C = green, H = white, N = blue, O = red, Cu = black.
Perhaps the most noteworthy feature of the INS spectra is a peak at a relatively low energy for
hydrogen in the MOF, namely at 6.8 meV, the intensity of which appears to saturate below the
second loading (1.5 H2/formula unit). The low energy of this rotational tunneling transition is
indicative of a high barrier to rotation, and hence a strong interaction with the host. This binding
site must therefore be the rather unique location where the hydrogen molecule is bound between
two Cu2+ ion sites, specifically the Cu1 ions in rht-MOF-7 (Figure 4.13(a)). This conclusion
is convincingly supported by our calculation of the two-dimensional quantum rotational energy
levels, which gives a value of 6.84 meV for H2 at this site for the lowest transition (see Table
4.4). Note, more details of the quantum rotation calculations performed in this work is provided
in the Supporting Information of Ref 148. The second site to be gradually populated at higher
loadings has a transition at approximately 9.0 meV, which is typical for a hydrogen molecule
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(a) (b)
Figure 4.17: Molecular illustration of the BSSP H2 molecule (orange) orientation about (a) the
center of the linker near the triazine group and (b) the corner of the truncated tetrahedral cage
in rht-MOF-7. Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
located near a single open-metal Cu2 ion site of the paddlewheel unit (as observed in HKUST-
1,96,97 PCN-12,131 etc.), i.e., the Cu2 ion site in the present system, and this again is in excellent
agreement with our calculations (9.19 meV). Note that the occupancy of this site (intensity of
the INS band) increases rather more slowly than the number of hydrogen molecules available
after site 1 is completely filled.
Additional peaks at approximately 11.0 and 13.5 meV are apparent in the INS spectra even
at low loadings, and these must arise from hydrogen molecules sorbing to different binding sites.
It would be difficult to identify these sites without our computational work, which does, however,
give clear indications as to their nature. The center of each linker in rht-MOF-7 can sorb up
to three hydrogen molecules, with each hydrogen molecule coordinating to a triazine nitrogen
atom (Figure 4.17(a)), and these give rise to the peak at around 11.0 meV (site 3), or 11.26 meV
in our calculation. Finally, the peak observed in the INS spectra at about 13.5 meV (site 4),
can be associated with the hydrogen molecules that can sorb into the corners of the truncated
tetrahedral cages (Figure 4.17(b)), for which we calculate rotational transitions of 13.74 meV
and 14.30 meV for the two lowest transitions. It should be noted that the peaks corresponding
to sites 3 and 4 in the INS spectra exhibit significant shifts towards higher frequencies as the
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Figure 4.18: Inelastic neutron scattering (INS) spectra for hydrogen in rht-MOF-7 at different
loadings: 0.75 H2/formula unit (black), 1.5 H2/formula unit (red), 2.25 H2/formula unit (green),
3 H2/formula unit (blue), and 4 H2/formula unit (magenta). The calculated transitions for the
different sites as shown in Table 4.4 are depicted as vertical colored lines: site 1 = black, site 2
= red, site 3 = green, site 4 = blue.
loading of hydrogen is increased. This observation can be rationalized by assuming that some
of the weakly sorbed hydrogen molecules are forced farther away from the framework when the
space becomes more crowded at higher loadings. This would lower the respective barriers to
rotation, and hence increase the rotational frequencies. The excellent agreement between our
calculated and observed rotational transitions for all four hydrogen binding sites extends to some
of the higher transitions, as the peaks in the INS spectra at approximately 16.0 and 18.0 meV
correspond quite well to the second or third transitions for some of the sites (see Table 4.4).
4.6 Conclusion
In conclusion, simulations of CO2 and H2 sorption in rht-MOF-7 were performed to better un-
derstand the sorption mechanism in this material. It was shown that the simulated CO2 sorption
isotherms and Qst values were in better agreement with the measurements reported by Eddaoudi
et al. in both crystal structures for the polarizable CO2 potential used herein. In addition, it
was observed that simulations involving the inclusion explicit polarization caused a favorable
ordering of the CO2 molecules inside the MOF, which decreased overall sorption into agreement
with Eddaoudi et al.’s experimental data at lower temperatures. It was discovered through the
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n j Site 1 ∆E (meV) Site 2 ∆E (meV) Site 3 ∆E (meV) Site 4 ∆E (meV)
1 0 0.00 0.00 0.00 0.00
2 6.84 9.19 11.26 13.74
3 1 16.19 21.55 16.25 14.30
4 29.23 26.30 17.24 16.21
5 37.31 40.49 42.13 43.09
6 41.83 50.66 42.84 43.12
7 2 46.65 54.48 43.55 44.46
8 54.64 62.02 46.96 44.88
9 62.88 74.62 47.05 45.31
Table 4.4: The calculated two-dimensional quantum rotational levels (in meV) for a hydrogen
molecule at different sites in rht-MOF-7. Sites 1, 2, 3, and 4 are depicted in Figures 4.13(a),
4.13(b), 4.17(a), and 4.17(b), respectively. The energies are given relative to E0, which are -68.05
meV, -68.40 meV, -57.35 meV, and -76.67 meV for the respective sites.
modeling studies that a favorable interaction between the CO2 molecules and the Cu1 ions of
neighboring paddlewheels is responsible for the MOF’s high CO2 uptake and initial Qst. Sim-
ulations using the well-known TraPPE model showed significant oversorption of Eddaoudi et
al.’s experimental results, but interestingly displayed close agreement to Li et al.’s isotherm at
all temperatures considered. However, inspection of the modeled structure revealed that the
TraPPE CO2 molecules were simply sorbing to regions that were dominated by van der Waals
and electrostatic interactions and were weakly sorbing to regions dominated by induction (e.g.,
the open-metal sites).
Furthermore, the simulated low pressure H2 sorption isotherms and Qst values were also in
good agreement to Eddaoudi et al.’s experimental data. Many-body polarization interactions
were negligible for hydrogen uptake in rht-MOF-7, which was attributed to the narrow pore sizes
that are displayed by the MOF. The small pore sizes caused short-range dispersion to dominate
while polarization effects cancel somewhat in the high symmetry environment. However, many-
body polarization effects were important at initial loadings for sorption onto the open-metal
sites. This was confirmed by examining the radial distribution functions about both Cu2+ ions
for all models in both crystal structures. Indeed, notable deviations in the sorption sites were
observed when this energetic contribution was neglected, especially about the open-metal sites.
The slight differences in the atomic positions in both reported crystallographic structures
of rht-MOF-7 resulted in different electrostatic parameters about the Cu2+ ions of the metal
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paddlewheels. As a result, the gas sorption mechanisms in the respective unit cells were different
at low loading, although, this did not significantly change the overall sorption capacity in rht-
MOF-7. In one structure (crystal structure B), the most favorable CO2 sorption site was observed
as the molecules coordinated between two Cu2+ ions of adjacent paddlewheels that face towards
the center of the linker (Cu1 ions). In the other structure (crystal structure A), the initial sorption
site was the other chemically distinct Cu2+ ion (Cu2 ion) with a Qst value inconsistent with the
experimental value. Furthermore, the high experimental initial Qst value for CO2 in rht-MOF-7
could only be produced in crystal structure B with the inclusion of many-body polarization.
Sorption between two Cu1 ions of adjacent paddlewheels was the most energetically favorable
site for CO2 sorption in the MOF, and this site was strongly captured in simulation if the Cu1
ions have the higher partial positive charge relative to the Cu2 ions.
The INS spectra for hydrogen in rht-MOF-7 revealed four noticeable transitions, with each
transition corresponding to a specific binding site in the MOF. The polarization distribution
served as an order parameter to identify the different hydrogen sorption sites in this MOF. Four
distinct sites were identified for hydrogen sorption in rht-MOF-7 in this work: (1) between two
Cu1 ions of adjacent paddlewheels; (2) the Cu2 ions; (3) the center of the linker near the triazine
nitrogen atoms; and (4) the corners of the truncated tetrahedral cages. Calculation of the two-
dimensional quantum rotational levels for a hydrogen molecule about each site considered in the
MOF revealed a j = 0 to j = 1 transition that matched a certain peak in the INS spectra.
Hence, there was very good agreement between the transitions observed in the INS spectra and
the calculated rotational transitions for each site. Additionally, according to the INS spectra,
the region between the Cu1 ions is highly favored at low loadings, while the Cu2 ions become
occupied at higher loadings. This result is consistent to what was observed in the simulations
for hydrogen sorption, especially for simulation in crystal structure A.
In sum, while it is difficult to ascertain exactly what is happening experimentally concerning
differing sorption by the two experimental groups, these results demonstrate the effectiveness of
good theoretical models in identifying salient physical sorption interactions and their sensitivity
to small but significant physical modifications. The GCMC results at minimum clarify the general
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processes involved in CO2 and H2 sorption in this material. The kinds of insights that can be
gained highlight the power of theory and experiment used together as part of an interpretive and
design process.
Future work includes simulating sorption of other sorbates such as N2, CH4, and H2O in
rht-MOF-7 and insightfully comparing results to experimental data. This will be performed
using accurate and transferable potentials of these sorbates that have been developed in our
group.66,150 In addition, performing simulation of multicomponent mixtures will be a task that
will be investigated once these potentials have been developed. The selectivities that are obtained
from GCMC simulation will be compared to those measured experimentally via ideal adsorbed
solution theory (IAST)91 calculations and column breakthrough experiments. Examination of
the sorption mechanisms in other rht-MOFs is currently ongoing.
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Chapter 5
Simulations of hydrogen sorption in rht-MOF-1: identifying the binding sites
through explicit polarization and quantum rotation calculations
5.1 Note to Reader
This chapter contains previously published content. Reproduced from Ref. J. Mater. Chem. A,
2014, 2, 2088–2100. with permission from The Royal Society of Chemistry (see Appendix A)
5.2 Abstract
Grand canonical Monte Carlo (GCMC) simulations of hydrogen sorption were performed in rht-
MOF-1, a metal–organic framework (MOF) that consists of isophthalate groups joined by copper
paddlewheel clusters and Cu3O trimers through tetrazolate moeities. This is a charged rht-MOF
that contains extra-framework nitrate counterions within the material. For the simulations per-
formed herein, excellent agreement with experiment was achieved for the simulated hydrogen
sorption isotherms and calculated isosteric heat of adsorption, Qst, values only when using a po-
larizable potential. Thermodynamic agreement is demonstrated via comparing to experimental
isotherms and binding sites are revealed by combining simulation and inelastic neutron scattering
(INS) data. Simulations involving explicit many-body polarization interactions assisted in the
determination of the binding sites in rht-MOF-1 through the distribution of the induced dipoles
that led to strong adsorbate interactions. Four distinct hydrogen sorption sites were determined
from the polarization distribution: the nitrate ions located in the corners of the truncated tetra-
hedral cages, the Cu2+ ions of the paddlewheels that project into the truncated tetrahedral and
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truncated octahedral cages (Cu1 ions), the Cu2+ ions of the Cu3O trimers (Cu3 ions), and the
sides of the paddlewheels in the cuboctahedral cage. The simulations revealed that the initial
sorption sites for hydrogen in rht-MOF-1 are the nitrate ions; this site corresponds to the high
initial Qst value for hydrogen (9.5 kJmol
−1) in the MOF. The radial distribution functions, g(r),
about the Cu2+ ions at various loadings revealed that the Cu1 ions are the preferred open-
metal sorption sites for hydrogen at low loading, while the Cu3 ions become occupied at higher
loadings. The validation of the aforementioned sorption sites in rht-MOF-1 was confirmed by
calculating the two-dimensional quantum rotational levels about each site and comparing the
levels to the transitions that were observed in the experimental INS spectra for hydrogen in the
compound. For each binding site, the rotational transitions from j = 0 to j = 1 were in good
agreement to certain transitions that were observed in the INS spectra. From these calculations,
the assignment of the peaks in the INS spectra for hydrogen in rht-MOF-1 has been made.
5.3 Introduction
Molecular hydrogen has been recognized by many scientists as an alternative fuel source because
it is clean, abundant, and has a high energy content per weight of fuel. Indeed, the combustion
of hydrogen in an engine releases no greenhouse gases and generates approximately 120.7 kJ/g of
energy, the highest of any known fuel.151 Although hydrogen is a promising alternative to replace
existing petroleum-based gasoline and diesel fuels, it tends to interact weakly with its environ-
ment, thus making the transport of neat hydrogen rather difficult.2 In addition, the successful
commercialization of hydrogen-powered vehicles depends on the development of safe, efficient,
and economical on-board hydrogen storage systems.41 The ultimate U.S. Department of Energy
(DOE) target for an on-board hydrogen storage system is 0.075 kg/kg or 0.070 kg/L at ambi-
ent temperatures and high pressures.126 Further, the fueling of hydrogen should be completely
reversible, and the recharging process must be completed within minutes.
Metal–organic frameworks (MOFs) are an emerging class of crystalline porous materials that
have been demonstrated to be promising for applications in hydrogen storage.41,43,44,152 These
materials consist of metal-ion clusters coordinated to organic ligands in a self-assembly process,
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resulting in a porous three-dimensional periodic structure.129 MOFs have the ability to densely
store hydrogen molecules into small areas through a physisorption process. They have also been
shown to display high affinity for hydrogen with reversible sorption. This makes MOFs advan-
tageous over competing materials for hydrogen storage, such as activated carbons,153 zeolites,154
and metal hydrides.155 MOFs are highly tunable as a number of different structures can be syn-
thesized by changing the metal-ion cluster and/or ligand.46,156 Indeed, a number of MOFs with
different pore sizes, topologies, and chemical functionalities have been synthesized within the
past two decades.
The rht-MOF platform is a highly successful class of MOFs in the world of porous materi-
als.5,30–32,34,35,47–51,100,101,132–136 These MOFs are synthesized from metal ions that are coordinated
to a C3 symmetric ligand with three coplanar isophthalate moieties. Each isophthalate group is
linked to metal ions to form a square paddlewheel, [M2(O2CR)4], cluster. A total of 24 isoph-
thalate groups are connected by 12 paddlewheel clusters to form a cuboctahedron. In essence,
rht-MOFs are characterized by linking a C3 symmetric ligand with 24 edges of a cuboctahedron.
It is for this reason that these MOFs are also called the 3,24-connected MOFs. Further, the over-
all structure of rht-MOFs contains three distinct cages: cuboctahedron, truncated tetrahedron,
and truncated octahedron. rht-MOFs are a promising platform of MOFs because they contain
open-metal sites, have high surface area, and have tunable pore sizes. They have been shown
to display high uptake for a variety of energy-related gases, including hydrogen. A number of
rht-MOFs have been synthesized by simply changing the size and functionality of the ligand.
The synthesis of rht-MOFs was pioneered by Eddaoudi and co-workers, with the first rht-MOF
being synthesized in 2008.35 This MOF, denoted rht-MOF-1, was synthesized by a solvothermal
reaction of 5-tetrazolylisophthalic acid (H3TZI) with Cu
2+ ions. rht-MOF-1 is characterized by
trigonal Cu3O trimers that are linked to these TZI ligands; the isophthalate groups of the ligand
are then coordinated to Cu2+ ions to form the copper paddlewheel clusters (Figure 5.1). The
MOF also contains nitrate counterions to balance the charge of the cationic framework. rht-
MOF-1 is a MOF that has a large BET surface area of 2847 m2g−1 (Langmuir surface area of
3223 m2g−1), a pore volume of 1.01 cm3g−1, and a porosity of 75 %. In addition, experimental
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(a) (b)
Figure 5.1: (a) The a/b/c view and (b) the view of the 45◦ angle between two axes of the
unit cell of rht-MOF-1. The nitrate counterions, the copper paddlewheel clusters, and the Cu3O
trimers are indicated by the orange, magenta, and green circles, respectively. Atom colors: C =
cyan, H = white, N = blue, O = red, Cu = tan.
hydrogen sorption measurements on the material have shown that rht-MOF-1 is capable of
sorbing 2.4 wt % at 77 K and 1.0 atm, where wt % is defined as: [(Mass of H2)/(Mass of MOF
+ Mass of H2)] × 100 %. This MOF also displays a high isosteric heat of adsorption, Qst, for
hydrogen, with a value of approximately 9.5 kJmol−1 at initial loading. Note, a hydrogen binding
energy within the range of 15 to 30 kJmol−1 has been proposed for room temperature hydrogen
storage in porous materials.157,158
Methods such as grand canonical Monte Carlo (GCMC) simulations and inelastic neutron
scattering (INS) can provide insights into the mechanism of hydrogen sorption in MOFs. GCMC
simulation have been shown to be useful for identifying the favorable sorption sites in a MOF.159
In addition, experimental observables such as sorption isotherms and the Qst values can be gen-
erated using this method; these quantities are often compared to the corresponding experimental
data. Outstanding agreement with experiment engenders confidence in a variety of molecular
level predictions. INS studies of the hindered rotational transitions of hydrogen molecules sorbed
in a MOF can be utilized to determine the hydrogen binding affinity at various sites in the frame-
work.100,160 The INS spectra for hydrogen in a MOF contains a significant amount of information,
as each transition observed in the INS spectra corresponds to a specific binding site in the MOF.
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Moreover, the barriers of rotation imparted to the sorbed hydrogen molecule by the MOF as well
as the intensity of each transition can provide insights into the hydrogen binding affinity about
each site.
In this work, we use GCMC methods to investigate hydrogen sorption in rht-MOF-1. rht-
MOF-1 is different from most other rht-MOFs (and other types of MOFs, in general) because
it contains two types of open-metal Cu2+ ion sites through the copper paddlewheels and the
Cu3O trimers, and has extra-framework nitrate counterions that serves as potential sorption sites.
These moieties contribute towards a highly charged/polar structure; thus, explicit polarization is
expected to be extremely important for the simulations of gas sorption in this compound. Hence,
the simulations performed herein included many-body polarization interactions as it was essential
to incorporate such interactions in the simulations of hydrogen sorption in rht-MOF-1. These
types of interactions have been shown to be important for the modeling of gas sorption in other
charged/polar MOFs.2,24,102,112,113 If many-body polarization was not included, the simulations
would inaccurately capture the interaction between the adsorbate molecules and the open-metal
sites and also underestimate experimental measurements.
Although initial hydrogen sorption simulation studies in rht-MOF-1 were performed by Babarao
et al., these simulations neglected the inclusion of induced dipole interactions.104 As a result,
their simulations undersorbed the experimental results across most of the pressure range and did
not capture the sorption of hydrogen onto the open-metal sites. It is also noteworthy that the
reported simulated hydrogen sorption isotherms at 77 K were inflated due to the lack of quan-
tum corrections. Quantum mechanical effects have been shown to be important for hydrogen
at this temperature due to its low molecular mass.161,162 Thus, it is inaccurate to treat hydro-
gen in a classical manner under these conditions. In contrast, our simulations include quantum
corrections via Feynman-Hibbs.90
Further, experimental INS studies were performed for hydrogen in rht-MOF-1 and the spectra
revealed a number of transitions that correspond to a particular sorption site in the MOF.100
Although some predictions of the sorption sites in the MOF have been made based on the
observed transitions, the calculation of the quantum dynamics can verify these predictions, and
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thus, the assignments of the transitions in the INS spectra can accurately be achieved. In
this work, we performed two-dimensional quantum rotation calculations for hydrogen about
various sorption sites in rht-MOF-1 that were determined using the polarization distribution.
Similar types of calculations have been performed for hydrogen sorption in MOFs in previous
work.97,163–165 The calculated rotational transitions are compared to those that were obtained
from the INS studies. It will be shown that, for each hydrogen sorption site considered in rht-
MOF-1, the calculated rotational level for the j = 0 to j = 1 transition corresponds to a specific
peak within the INS spectra. As a result, a comprehensive interpetration of the INS spectra for
hydrogen in rht-MOF-1 can be obtained based on our calculations.
5.4 Methods
5.4.1 Simulation Parameters
The potential energy of rht-MOF-1 is a function of repulsion/dispersion parameters, atomic point
partial charges, and atomic point polarizabilities that are localized on the nuclear center of all
atoms of the framework. Repulsion/dispersion interactions were modeled using the Lennard-
Jones 12-6 potential, and these parameters for all MOF atoms were taken from the universal
force field (UFF).9 Although there are many van der Waals force fields that are available, the
Lennard-Jones parameters from UFF were widely used in MOF–adsorbate studies performed
earlier.2,12,13,24,55,71,72,102,104,127,140–142 It is important to note that the UFF parameters are not
completely transferable; however, they have been shown produce good results in certain systems
(e.g., the MOF studied herein). The partial charges for the atoms in rht-MOF-1 were determined
from electronic structure calculations on several fragments that were taken from the crystal struc-
ture of the MOF. More details of these calculations can be found in the Supporting Information
of Ref 143. The polarizabilites for all light atoms were taken from van Duijnen et al.,20 while
the polarizability for Cu2+ was determined in previous work on PCN-61,24 and used herein. The
parameters for the MOF potential can be found in the Supporting Information of Ref 143. It
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should be noted that the polarizable force field used in this work is highly transferable and has
already been shown produce excellent results in other charged/polar MOFs.2,24,102
Note, there are three chemically distinct Cu2+ ions in rht-MOF-1; they are denoted Cu1, Cu2,
and Cu3 (Figure 5.2). The Cu1 and Cu2 ions are part of the copper paddlewheel clusters, while
the Cu3 ion is part of the Cu3O trimer unit that links the TZI ligands together. In addition,
the Cu1 ion faces toward the center of the linker and projects into the truncated tetrahedral
and truncated octahedral cages, while the Cu2 ion faces away from the center of the linker and
projects into the cuboctahedral cages.
Simulations of hydrogen sorption in rht-MOF-1 were performed using a five-site polarizable
hydrogen potential that was developed previously.23 This hydrogen potential contain explicit
parameters for repulsion/dispersion, stationary electrostatics, and induced-dipole interactions.
This model was shown to reproduce bulk hydrogen data, especially at high densities,23 and
describe the proper sorption behavior in charged/polar MOFs that contain open-metal sites.24,102
The interaction energy between the MOF and the hydrogen molecules was represented by the
sum of the Lennard-Jones potential energy, the electrostatic energy as calculated by Ewald
summation,88 and the many-body polarization energy as calculated by the Thole-Applequist
polarization model (explained in the Supporting Information of Ref 143).17–19,166 Feynman-Hibbs
quantum corrections90 were implemented in this work to correct for the energetically dominant
van der Waals interactions at low temperatures. All simulations were performed using GCMC
methods in a rigid single unit cell of rht-MOF-1. More details of the GCMC simulations can be
found in the Supporting Information of Ref 143. Further, the simulations were performed with all
nitrate ions held fixed in the corners of the truncated tetrahedral cages. This is the equilibrium
location of the nitrate ions as determined from molecular dynamics (MD) simulations at low
temperatures (see Supporting Information of Ref 143). Additional MD simulations revealed that
the nitrate ions do not move from their equilibrium location even with the hydrogen molecules
present in the MOF at low temperatures (see Supporting Information of Ref 143).
116
Figure 5.2: The ligand, copper paddlewheel, and Cu3O trimer units in rht-MOF-1. The labeling
of the Cu1, Cu2, and Cu3 ions are also depicted. Atom colors: C = cyan, H = white, N = blue,
O = red, Cu = tan.
5.4.2 Quantum Rotation Calculations
The two-dimensional quantum rotational levels for a hydrogen molecule about each site con-
sidered in rht-MOF-1 were calculated by diagonalizing the rotor Hamiltonian in the spherical
harmonic basis, using methods reported previously,163 which takes the following form:
Hˆ = Bj2 + V (θ, φ) (5.1)
where B is the rotational constant for molecular hydrogen (equal to approximately 85.35
K167), j2 is the angular momentum operator, and V (θ,φ) is the potential energy surface for the
rotation of the hydrogen molecule with its center-of-mass held fixed within the MOF–H2 system.
Each matrix element, 〈Ylm|V (θ,φ)|Ylm〉, was constructed using Gauss-Legendre quadrature168
with a basis set consisting of ±m functions.81 The potential was generated over a 16 × 16
quadrature grid. The kinetic energy term, j(j + 1), was then added to the diagonal elements.
The matrix was diagonalized using the LAPACK linear algebra package,169 yielding the rotational
energy eigenvalues and the eigenvector coefficients. All two-dimensional rotational levels were
calculated with j = 7, leading to 64 basis functions. Note, including additional basis functions did
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not significantly alter the results. All calculations were performed using the Massively Parallel
Monte Carlo (MPMC) code, an open-source code that is currently available for download on
Google Code.29
5.5 Results and Discussion
Figure 5.3(a) shows the simulated hydrogen sorption isotherm for the polarizable hydrogen po-
tential in rht-MOF-1 at 77 K and 87 K compared to the corresponding experimental data (data
points estimated from reference 35). It can be seen that excellent agreement with experiment is
achieved at both temperatures using the polar model across the entire low-pressure range. The
experimental hydrogen uptakes in rht-MOF-1 at 77 K and 87 K at 1.0 atm are 2.4 wt % and
1.7 wt %, respectively, and this agrees well with the calculations performed herein at those state
points. Note, the error bars at each state point for the simulated plots are small (less than ±
0.02 wt %), and therefore, have been omitted for clarity.
It is important to emphasize that the simulated hydrogen sorption isotherms shown in Fig-
ure 5.3(a) can only be produced using a polarizable potential for the MOF and the hydrogen
molecules. Models that neglect explicit many-body polarization effects are not sufficicient to
match the experimental hydrogen sorption isotherms in rht-MOF-1 due to the highly charged
and polar environment of the framework. Indeed, control simulations using a hydrogen potential
that contains only van der Waals interaction,22 and two models that include only van der Waals
and charge-quadrupole interactions23,63 revealed that the simulated hydrogen sorption isotherms
for these potentials undersorbed the experimental data by at least 22% over the entire pressure
range considered at 77 K and 87 K (see Supporting Information of Ref 143).
Figure 5.3(b) shows the GCMC-calculated Qst values for the polarizable hydrogen potential
in rht-MOF-1 compared to the Qst values that were derived experimentally (also estimated
from reference 35). The former was determined using a statistical mechanical expression that
involves the fluctuation of the number of particles and the total potential energy (see Supporting
Information of Ref 143),54 while the latter was determined by applying the Clausius–Clapeyron
equation170 to the experimental hydrogen sorption isotherms at 77 K and 87 K. The experimental
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initial Qst value for hydrogen in rht-MOF-1 was calculated to be 9.5 kJmol
−1. Although this
value is high, there are other MOFs that have higher initial Qst values for hydrogen (e.g., Mg-
MOF-74).44,164,171–178 The experimental Qst values decrease to approximately 4.75 kJmol
−1 at 1.6
wt %. The Qst values that were produced from simulation using the polar model in rht-MOF-1
were found to be in good agreement with experiment across all loadings. The simulated initial
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Figure 5.3: (a) Low-pressure (up to 1.0 atm) absolute hydrogen sorption isotherms in rht-MOF-1
at 77 K (solid) and 87 K (dashed) for experiment (black) and simulation (red). (b) Isosteric heats
of adsorption, Qst, for hydrogen in rht-MOF-1 plotted against hydrogen uptakes for experiment
(black) and simulation (red).
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Qst value for hydrogen was calculated to be 8.9 kJmol
−1, which is comparable to the experimental
value at this loading. Any difference in the experimental and simulated Qst values across the
considered loading range might be attributed to the difference in methodology in computing
the Qst values for the respective techniques and associated uncertainities. As stated above, the
experimental Qst values are determined through empirical fitting of the experimental hydrogen
sorption isotherms while the simulated Qst values are obtained directly from GCMC simulation.
Nonetheless, the close agreement between experiment and simulation is striking. As with the
simulated hydrogen sorption isotherms, the Qst plot shown in Figure 5.3(b) was only generated
using the polarizable potential employed in this work. The Qst values that were produced by the
aforementioned nonpolarizable models severely underestimated the experimental Qst values for
all hydrogen uptakes (see Supporting Information of Ref 143).
Note, the initial hydrogen Qst value for rht-MOF-1 surpasses most other MOFs that contain
copper paddlewheel clusters.44 For instance, previous studies have shown that the initial Qst
value for hydrogen in HKUST-1,179 a prototypal MOF containing copper paddlewheels linked by
1,3,5-benzenetricarboxylate ligands, ranges from 6.0 to 7.0 kJmol−1.114,180–184 Similar values can
be seen for other MOFs that contain these copper paddlewheels units.30,102,185 Thus, this range
for the Qst value appears to be the appropriate energetics associated with the binding of the
hydrogen molecules onto the Cu2+ ions of the copper paddlewheels. An initial Qst value of 9.5
kJmol−1 for hydrogen in rht-MOF-1 is much greater than the values that are typically observed
for sorption onto the copper paddlewheels; thus, we predict that this value must be attributed
to the sorption of hydrogen onto a different type of moiety in the framework. This functionality
must have a stronger interaction with the hydrogen molecules than the Cu2+ ions of the copper
paddlewheels.
Examination of the Monte Carlo simulation history for hydrogen sorption in rht-MOF-1 at
very low loading (77 K and 0.001 atm) revealed that the majority of hydrogen molecules are
in the region of the nitrate ions that are located the corners of the truncated tetrahedral cage.
In addition, examination of the three-dimensional histograms showing the most frequent sites
of occupancy at this loading reveals that the majority of hydrogen molecules are sorbed to the
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Figure 5.4: The three–dimensional histogram in rht-MOF-1 showing the most frequent sites of
occupancy (cyan) for hydrogen sorption at 77 K and 0.001 atm.
nitrate ions (Figure 5.4). Thus, the high initial Qst value for hydrogen in rht-MOF-1 is attributed
to the interaction between the hydrogen molecules and the nitrate ions. A molecular illustration
(captured from the simulations) depicting this interaction is shown in Figure 5.5. Indeed, the
uncoordinated nitrate ions are charged particles that increase the electrostatic field within the
framework and they are more preferred for hydrogen sorption than the open-metal sites. This
was verified by performing simulated annealing calculations for a single hydrogen molecule in
rht-MOF-1 to identify the global minimum. This observation is consistent with previous findings
that charged MOFs that contain extra-framework counterions have increased binding affinity
towards hydrogen.1
The radial distribution functions, g(r), for the center-of-mass of the sorbed hydrogen molecules
about all three types of Cu2+ ions in rht-MOF-1 at 77 K and two different pressures (0.01 atm
and 1.0 atm) are shown in Figure 5.6. Note, the radial distribution functions shown herein are
normalized to a total magnitude of unity over the distance examined. The g(r) results reveal
that a large peak can be seen about the Cu1 ions at a distance of 2.5 A˚ at 0.01 atm. This
radial distribution peak corresponds to the sorption of hydrogen molecules onto the Cu1 ions of
the paddlewheels with a Cu2+–H2 distance of about 2.5 A˚. The large magnitude of this peak at
0.01 atm signifies that this site is heavily populated with hydrogen molecules at low loading. At
1.0 atm, this peak for the Cu1 ion is reduced, which indicates that sorption onto the Cu1 ions
is less prominent at this pressure. This is because the Cu1 ion sites are already filled at lower
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(a) (b)
Figure 5.5: Molecular illustration of the hydrogen binding site about the nitrate counterions
in rht-MOF-1 as determined from simulation. (a) Side view (b) Down view. The adsorbate
molecules are shown in orange. MOF atom colors: C = cyan, H = white, N = blue, O = red,
Cu = tan. Nitrate atom colors: N = dark blue, O = maroon.
loadings, thus causing the hydrogen molecules to sorb to other regions in the MOF at higher
pressures. Note, the Cu2+–H2 distance observed for rht-MOF-1 in this work is comparable to the
corresponding distance that was observed in HKUST-1 through neutron powder diffraction and
ab initio simulation studies.96,97 In addition, analogous 2.5 A˚ radial distribution peaks of similar
magnitudes can be seen about the favorable Cu2+ ion for simulations of hydrogen sorption in
other rht-MOFs.24,102 It is important to note that the observed radial distribution peak at 2.5 A˚
about the Cu1 ion can only be produced for simulations of hydrogen sorption using a polarizable
model. Simulations using nonpolar potentials do not capture the sorption of hydrogen molecules
onto the Cu2+ ions of the paddlewheels. This is because the Cu2+ ions are highly charged/polar
species; induced dipole effects are required for sorption onto these sites. Note, for sorption onto
the Cu1 ion in rht-MOF-1, a binding energy of approximately 6.5 kJmol−1 was calculated using
canonical Monte Carlo (CMC); this value is within the range that is associated with sorption
onto a single Cu2+ ion of a copper paddlewheel.
It can be observed from the g(r) results that there are only a few hydrogen molecules sorbed in
the region of the Cu2 ions of the paddlewheels at both 0.01 atm and 1.0 atm in rht-MOF-1. Thus,
even with the implementation of many-body polarization effects, the simulations capture only a
small quantity of hydrogen molecules about the Cu2 ions. Indeed, for sorption onto the copper
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paddlewheels, the majority of hydrogen molecules sorb about the Cu1 ions. This is because
the magnitude of the positive charge for the Cu2 ion is much less than that for the Cu1 ion as
determined from electronic structure calculations on rht-MOF-1 (qCu1 = 1.56 e
−, qCu2 = 1.07
e−, see Supporting Information of Ref 143). As stated earlier in the text, the two Cu2+ ions that
are part of the paddlewheels in rht-MOFs are chemically distinct as both of these ions project
into different regions in the MOF structure. It was demonstrated in previous theoretical studies
that one of the Cu2+ ions of the paddlewheel has a higher charge magnitude relative to the other
in rht-MOFs.24,102 The charge distribution about the copper paddlewheels is dependent on the
type of functionality on the organic linker. In rht-MOF-1, the linker contains nitrogen atoms on
the tetrazolate group that are proximal to the Cu1 ions. The presence of these electronegative
nitrogen atoms causes the Cu1 ion to exhibit a higher positive charge compared to the Cu2 ion.
As a result, the Cu1 ion is more electron deficient, thus becoming the preferred sorption site for
the hydrogen molecules about the copper paddlewheels.
rht-MOF-1 is different from most other rht-MOFs because it contains another type of open-
metal Cu2+ ion in the structure; it is denoted as the Cu3 ion in this study. This Cu2+ ion is part
of the Cu3O trimer unit that links the TZI ligands together. The g(r) of the hydrogen molecules
about the Cu3 ions shows that there are a small number of adsorbate molecules in the region
of these ions at low loading. This is indicated by the small peak that was observed about this
ion at a distance of approximately 2.7 A˚ at 0.01 atm. Thus, at low loading, the Cu3 ions are
not as favored for hydrogen sorption compared to the Cu1 ion. This can be attributed to the
difference in the electrostatic parameters between the two Cu2+ ions as the Cu3 ions have a lower
positive charge than the Cu1 ions (qCu1 = 1.56 e
−, qCu3 = 0.88 e−, see Supporting Information
of Ref 143). However, it can be seen that the radial distribution peak at 2.7 A˚ for the Cu3 ion
increases in magnitude at 1.0 atm. This indicates that the Cu3 ions become occupied at higher
loadings for hydrogen sorption in rht-MOF-1. Note, the slightly higher nearest-neighbor distance
for the hydrogen molecules around the Cu3 ions relative to the Cu1 ions also indicates that the
hydrogen molecules do not sorb closely to the Cu2+ ions of the Cu3O trimers as compared to
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Figure 5.6: Radial distribution functions, g(r), about the Cu1 ions (red), Cu2 ions (green), and
Cu3 ions (blue) in rht-MOF-1 at 77 K and pressures of 0.01 atm (solid) and 1.0 atm (dashed).
the Cu2+ ions of the copper paddlewheels. Using CMC, a binding energy of roughly 5.0 kJmol−1
was calculated for sorption onto the Cu3 ion.
The utilization of many-body polarization interactions in simulation can be a useful tool to
identify the different sorption sites in a MOF via the distribution of the induced dipoles. Figure
5.7 shows a plot of the hydrogen dipole magnitudes against the normalized hydrogen population
in rht-MOF-1 at 77 K and 0.01 atm as well as 1.0 atm. Each region for the induced dipole
magnitudes corresponds to a specific site of occupancy inside the MOF. For rht-MOF-1, three
different regions in the dipole distribution can be identified; the ranges are the following: 0.30 D
and above, 0.20 D to 0.30 D, and 0.00 D to 0.20 D. The peak from 0.30 D and above corresponds
to sorption onto the Cu1 ions of the paddlewheels (Figure 5.8(a)). This is consistent to what
was observed in the dipole distribution for other rht-MOFs, as the highest dipole magnitude
range correlates to sorption onto the preferred Cu2+ ion of the paddlewheel in the MOF.24,102 A
molecular illustration depicting the sorption of a hydrogen molecule onto a Cu1 ion in rht-MOF-1
is shown Figure 5.9(a). The center-of-mass of the sorbed hydrogen molecule is approximately
2.5 A˚ from the Cu1 ion. Indeed, this site corresponds to the radial distribution peak that was
observed about the Cu1 ions at 2.5 A˚. Further, the hydrogen molecules sorb about the Cu1
ions in a T-shaped manner, which is consistent to the hydrogen molecule orientation that was
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Figure 5.7: Normalized hydrogen dipole distribution at 77 K and pressures of 0.01 atm (black)
and 1.0 atm (violet) in rht-MOF-1.
observed about the Cu2+ ions in HKUST-1 through ab initio simulation studies.97 Note, the
peak from 0.30 D and above is smaller at 1.0 atm compared to at 0.01 atm, which indicates that
there is less occupancy about the Cu1 ions at higher pressures.
The dipole distribution for rht-MOF-1 shows a large peak from 0.20 D to 0.30 D at 0.01
atm. This peak mainly corresponds to the sorption of hydrogen onto the nitrate ions as well as
the Cu2+ ions of the Cu3O trimers (Figure 5.8(b)). In addition, some hydrogen molecules with
these dipole magnitudes can be seen sorbing onto the Cu1 ions. A large number of hydrogen
molecules with these induced dipoles can be found in the vicinity of the nitrate ions in the corners
of the truncated tetrahedral cages at this pressure, which is consistent with the notion that the
nitrate ions are highly preferred in this MOF at low loading. Note, the corners of the truncated
tetrahedral cages have been observed as a sorption site in other rht-MOFs.24,102 In rht-MOF-1,
this region is much more favorable at initial loading due to the presence of the unbound nitrate
ions in this area. Note, although the nitrate ions provide the greatest binding affinity towards
the hydrogen molecules, these counterions induce lower dipoles on the adsorbate molecules than
the Cu2+ ions of the copper paddlewheels. This is because the D3h symmetry exhibited by the
nitrate ions causes the dipole moments to lessen. A few hydrogen molecules can be seen sorbing
onto the Cu3 ions at this pressure, although these ions are not as preferred as the nitrate ions and
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(a) (b)
(c)
Figure 5.8: The three–dimensional histograms in rht-MOF-1 showing the sites of hydrogen sorp-
tion (cyan) as a function of induced dipole magnitude according to Figure 5.7: (a) 0.30 Debye
and above (b) 0.20 to 0.30 Debye (c) 0.00 to 0.20 Debye. MOF atom colors: C = green, H =
white, N = blue, O = red, Cu = black.
the Cu1 ions at low loading. For sorption onto this site, examination of the system’s coordinates
revealed that the hydrogen molecules make a T-shaped interaction about the Cu2+ ions of the
Cu3O trimers (Figure 5.9(b)). This interaction is similar to what was observed for the hydrogen
molecule orientation about the Cu2+ ions of the paddlewheels. For the Cu3 ion, the distance
between the center-of-mass of the sorbed hydrogen molecule and the Cu2+ ion is approximately
2.7 A˚, which is consistent with the radial distribution peak observed around this ion at that
distance. It can be seen that the peak from 0.20 D to 0.30 D is severely reduced at 1.0 atm. This
is because there is less sorption onto the nitrate ions and Cu1 ions at this pressure. Additionally,
sorption onto the Cu3 ions becomes more prominent at 1.0 atm.
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(a) (b)
Figure 5.9: Molecular illustration of the hydrogen binding site about (a) the Cu1 ion and (b)
the Cu3 ion in rht-MOF-1 as determined from simulation. The adsorbate molecules are shown
in orange. MOF atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
The population with the lowest induced dipoles in rht-MOF-1, ranging from 0.00 D to 0.20
D, corresponds to sorption within the cuboctahedral cages of the MOF (Figure 5.8(c)). Visual
inspection of the modeled system cell revealed that these hydrogen molecules sorb onto the sides
of the copper paddlewheels (Figure 5.10). The occupancy of hydrogen molecules in this cage
is low at 0.01 atm. This is because other favorable sites (e.g., the nitrate ions, the Cu1 ions,
the Cu3 ions) are being occupied first at this loading. However, at 1.0 atm, the peak from 0.00
D to 0.20 D increases, which signifies that this area of the MOF becomes more populated at
higher pressures. As the more favorable sorption sites become filled, the hydrogen molecules will
essentially crowd into other areas of the MOF; in the case of rht-MOF-1, the regions are the
cuboctahedral cages where the hydrogen molecules can sorb onto the sides of the paddlewheels.
In order to confirm that the aforementioned sites are indeed the proper binding sites for
hydrogen in rht-MOF-1, the two-dimensional quantum rotational levels for a hydrogen molecule
about each site were calculated (Table 5.1); these levels were compared to the transitions that
are observed in the experimental INS spectra for hydrogen in rht-MOF-1. Note, in vacuum, the
rotational energy levels for a hydrogen molecule are characteristic of a rigid rotor. However, in
the presence of an external field (e.g., a MOF sorption site), the energy levels for the hydrogen
molecule split since the field breaks the degeneracy. The INS spectra for hydrogen in rht-MOF-1
127
is shown in Figure 5.11 for two different loadings. The calculation of the rotational energy levels
for a hydrogen molecule sorbed in the proximity of a nitrate ion located in the corner of the
truncated tetrahedral cage (site 1) revealed a value of 5.63 meV for the j = 0 to j = 1 transition.
Evaluation of the INS spectra revealed a small, but noticeable peak at approximately 5 meV for
both loadings. This peak must correspond to the sorption of hydrogen onto the nitrate ions in
rht-MOF-1. The nitrate ions are the most favorable sites for hydrogen sorption in the MOF and
there is a strong interaction between these ions and the hydrogen molecules. Therefore, it makes
sense that this interaction would be found at lower energies in the INS spectra.
Note, it seems that the presence of the nitrate ions in rht-MOF-1 causes most of the INS spec-
tra to become very broad. A similar finding was observed in the INS spectra for In-soc-MOF.99
Moreover, it is expected that the peak at approximately 5 meV should be more pronounced in
the INS spectra for rht-MOF-1. It is hypothesized that the presence of the nitrate ions in the
framework would make it difficult to fully activate the material. As a result, it is possible that
Figure 5.10: Molecular illustration of the hydrogen binding site about the sides of the copper
paddlewheels within the cuboctahedral cage in rht-MOF-1 as determined from simulation. The
adsorbate molecule is shown in orange. MOF atom colors: C = cyan, H = white, N = blue, O
= red, Cu = tan.
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there are solvent molecules occupying the corners of the truncated tetrahedral cages when the
INS studies were performed. Small amounts of solvent have a much more pronouced effect on
the INS spectra than on the sorption measurements.
The rotational energy level for a hydrogen molecule sorbed onto the Cu1 ions in a T-shaped
configuration (site 2) was calculated to be 9.72 meV for the lowest transition. This value is in
good agreement to the transition that is observed at approximately 9 meV in the INS spectra.
The INS spectra for hydrogen in other MOFs containing copper paddlewheels, such as HKUST-
1,96,97 PCN-12,131 and rht-MOF-4a100 revealed a peak near 9 meV as well. Thus, this transition
must be associated with sorption onto the Cu2+ ions of the paddlewheels as verified through
the calculations performed herein and in previous work.97 This is consistent with a previously
mentioned hypothesis that a peak located in the range of 7 to 10 meV in the INS spectra for
a MOF containing copper paddlehweels corresponds to a hydrogen molecule interacting with a
single open-metal Cu2+ ion site for the lowest rotational tunneling transition.131 Note, the two
lowest transitions for site 2 in rht-MOF-1 (calculated to be 9.72 and 10.81 meV, respectively)
are fairly well defined at the higher loading.
For a hydrogen molecule sorbed onto the Cu3 ions of the Cu3O trimers (site 3), a rotational
level of 6.92 meV was calculated for the lowest transition. It can be seen in the INS spectra that
a broad peak spans the region from approximately 6.5 to 8.0 meV. In addition, this peak is more
noticeable at the higher loading. Because this peak seems to get larger at higher loadings and
since the Cu3 ions are occupied at higher pressures, especially after the Cu1 ions are populated,
this region in the INS spectra must be associated with sorption onto the Cu3 ions. This is
consistent to what was observed in the simulations and the calculations for a hydrogen molecule
about this site. It is interesting to note that sorption onto the Cu2+ ions that are part of the
Cu3O trimer has a lower energy (higher barrier to rotation) than sorption onto the Cu
2+ ions of
copper paddlewheels even though the former gets occupied only at higher loadings. This could
be due to the fact that the Cu3 ions are more easily accessible in the framework than the Cu1
ions. However, the higher electron density (lower positive charge) of the Cu3 ions relative to the
Cu1 ions causes the latter to become more preferred at low loadings.
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Figure 5.11: Inelastic neutron scattering (INS) spectra for hydrogen in rht-MOF-1 at different
loadings: 1 H2/Cu (black), and 2 H2/Cu (pink). The calculated transitions for the different sites
as shown in Table 5.1 are depicted as vertical colored lines: site 1 = blue, site 2 = red, site 3 =
green, site 4 = violet.
The INS spectra for hydrogen in rht-MOF-1 shows a large peak at about 14 meV. The
simulations revealed that the adsorbate molecules can occupy the cuboctahedral cages (site 4) at
higher loadings after sites 1, 2, and 3 are filled. This site was observed in the dipole distribution
for the polarizable hydrogen potential in the MOF. The quantum rotation calculations revealed
that this site indeed corresponds to the peak at approximately 14 meV. This is a weak site for
hydrogen sorption in the MOF, and as a consequence, the rotational tunneling transition for
this site is found at higher energies. Moreover, it can be seen that the hydrogen molecules are
nearly characteristic of a rigid rotor as they are sorbed within the cavity of the cuboctahedral
cage. This is because there is no field acting on the hydrogen molecules as they are sorbed in
this region. Indeed, one of the three j = 1 sublevels and one of the five j = 2 sublevels are
exactly the energy of the j = 1 and j = 2 rigid rotor levels for a hydrogen molecule in the gas
phase, respectively (14.70 meV, 44.10 meV). Note, it would be desirable to calculate the entire
potential energy surface about each hydrogen sorption site in rht-MOF-1 to gain information on
the barrier heights for the respective sites. However, the large size of rht-MOF-1 unit cell as
well as the computational expense of solving the many-body polarization equations makes the
calculation rather prohibitive.
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n j Site 1 ∆E (meV) Site 2 ∆E (meV) Site 3 ∆E (meV) Site 4 ∆E (meV)
1 0 0.00 0.00 0.00 0.00
2 5.63 9.72 6.92 14.02
3 1 23.11 10.81 15.70 14.70
4 24.76 34.98 32.53 15.44
5 42.73 35.36 38.62 43.10
6 43.46 56.99 39.46 44.04
7 2 43.70 70.60 50.60 44.10
8 56.73 71.70 57.14 44.23
9 56.84 75.93 63.91 45.30
Table 5.1: The calculated two-dimensional quantum rotational levels (in meV) for a hydrogen
molecule at different sites in rht-MOF-1. Sites 1, 2, 3, and 4 are depicted in Figures 5.5, 5.9(a),
5.9(b), and 5.10, respectively. The energies are given relative to E0, which are -86.17 meV, -71.93
meV, -38.09 meV, and -44.06 meV for the respective sites.
5.6 Conclusions
In conclusion, this work demonstrated the importance of many-body polarization interactions for
the simulations of hydrogen sorption in rht-MOF-1. Specifically, the inclusion of such interactions
was necessary for obtaining outstanding agreement with experimental results and assisting in
the identification of the hydrogen binding sites in the MOF. Analysis of the three-dimensional
histogram showing the sites of hydrogen sorption for the polarizable hydrogen potential used in
rht-MOF-1 revealed four distinct sorption sites: the nitrate ions located in the corners of the
truncated tetrahedral cages, the Cu1 ions of the copper paddlewheels, the Cu3 ions of the Cu3O
trimers, and the sides of the copper paddlewheels in the cuboctahedral cages. The calculation of
the two-dimensional quantum rotational levels for hydrogen about various moieties in rht-MOF-1
confirmed that the considered sites were indeed the likely binding sites for hydrogen sorption in
this MOF. The calculated rotational transitions reported in this work were in good agreement
with the transitions that were observed experimentally through INS studies. As a result, we
were able to associate the different binding sites with certain transitions within the INS spectra
for rht-MOF-1 and therefore, make a thorough interpretation of the spectra.
It was discovered through the simulation studies that the uncoordinated nitrate ions are
more favorable for hydrogen sorption than the open-metal sites at low loading. Sorption onto
the nitrate ions corresponds to the high initial Qst value for hydrogen in rht-MOF-1, which is
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9.5 kJmol−1 as determined experimentally. This hydrogen Qst value is considerably higher than
those MOFs that contain the copper paddlewheel units, such as HKUST-1.114 The calculated
rotational level for the j = 0 to j = 1 transition for a hydrogen molecule about the nitrate ions
in rht-MOF-1 revealed a low energy (high barrier) transition (ca. 5 meV), thus indicating a very
strong interaction between the hydrogen molecule and the nitrate ions.
For sorption onto the open-metal sites in rht-MOF-1, the simulations showed that the Cu1 ions
are more preferred than the Cu3 ions at low loading. The Cu2+ ions of the copper paddlewheels
are the second favored sorption site for hydrogen in rht-MOF-1, whereas they are the primary
sorption site in other MOFs that contain similar copper paddlewheel units, such as HKUST-1,96,97
PCN-61,24,30 Cu-TPBTM,102 rht-MOF-4a,100 and PCN-12.131 The INS spectra for hydrogen in
rht-MOF-1 at low loading reveals a peak at approximately 9 meV, which is comparable to the
lowest transition calculated for a hydrogen molecule about the Cu1 ions. In addition, as observed
in the INS spectra and the GCMC simulations at higher loadings, the Cu3 ions become occupied
after the Cu1 ions despite having a higher barrier to rotation (normally implying greater binding
energy) for the lowest transition compared to that for sorption about the Cu1 ions.
Note, while it was appropriate to constrain the nitrate ions to be rigid in their equilibrium
positions in rht-MOF-1 for the simulation conditions considered in this work, this approach
would be inefficient for GCMC simulations of other gases, such as CO2, CH4, and N2 at higher
temperatures (e.g., 298 K) in this MOF. This is because the nitrate ions are mobile in rht-MOF-1
at higher temperatures and they can migrate to other regions in the MOF that can affect overall
sorption. This was confirmed by performing MD simulations to investigate the mobility of the
nitrate ions in rht-MOF-1 at higher temperatures. Note, this phenomenon was demonstrated in
previous modeling studies on rht-MOF-1 as well.104 Thus, currently, we cannot perform GCMC
simulations of CO2, CH4, and N2 sorption in rht-MOF-1 at ambient temperatures with reasonable
accuracy without accounting for the mobility of the counterions through the inclusion of dynamics
or sampling the positions of the counterions thermally.
Though rht-MOF-1 contains two types of open-metal sites and include extra-framework ni-
trate ions that contributes to a large hydrogen uptake capacity, this MOF exhibits a high surface
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area and contains pore sizes that are larger than most other MOFs. Thus, while the hydrogen up-
take in rht-MOF-1 at 77 K and 1.0 atm is remarkably 2.4 wt %, there are other MOFs that have
higher hydrogen uptake under the same conditions,44,186 such as Mg-MOF-74,187 In-soc-MOF,99
HKUST-1,114 and PCN-12.131 It is noteworthy that the aforementioned MOFs have lower surface
areas and pore sizes compared to rht-MOF-1. In addition, when comparing to other members of
the rht-MOF platform, rht-MOF-1 contains larger truncated octahedral and truncated tetrahe-
dral cages relative to other rht-MOFs that display high hydrogen uptake. For instance, hydrogen
sorption studies in Cu-TPBTM102 and Cu-TDPAT,34 the two smallest members of the rht-MOF
platform, revealed that these MOFs sorb 2.61 wt % and 2.65 wt % of hydrogen at 77 K and
1.0 atm, respectively. Thus, reducing the pore sizes of the framework seems to be a promising
strategy for increasing hydrogen sorption in MOFs, as smaller pores would allow the hydrogen
molecules to interact with more atoms of the framework simultaneously.
Overall, the results from this study demonstrate the necessity of incorporating many-body
polarization interactions for the simulations of hydrogen sorption in a highly charged/polar MOF,
such as rht-MOF-1. The correct sorption behavior between the hydrogen molecules and the open-
metal sites cannot be captured if this potential energy term is not included in the simulations.
Further, the combination of explicit polarization in simulation and quantum rotation calculations
assisted in the identification of the binding sites for hydrogen sorption for the MOF investigated
herein. This study also demonstrates the power of using careful simulations in conjunction
with complementary experiments to form a wholisitic picture of MOFs as gas storage/separation
vehicles. Current work is underway to execute similar procedures in other MOFs. In general,
GCMC simulations and INS studies can provide detailed insights into the mechanism of hydrogen
sorption in a variety of MOFs. The results from these studies can help experimentalists gain
new perspectives into creating novel MOFs with improved hydrogen uptake capacity.
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Chapter 6
Modeling PCN-61 and PCN-66: Isostructural rht-Metal–Organic Frameworks with
Distinct CO2 Sorption Mechanisms
6.1 Note to Reader
This chapter contains previously published content. Reprinted with permission from Cryst.
Growth Des., 2014, 14 (11), 5599–5607. Copyright c© (2014) American Chemical Society. (see
Appendix A)
6.2 Abstract
Simulations of CO2 sorption were performed in two members of the highly tunable rht-metal–
organic framework (MOF) platform: PCN-61 and PCN-66. These MOFs differ only in the tri-
isophthalate ligand used to synthesize the respective MOFs. In PCN-61, the center of the ligand
contains a benzene ring; this ring is substituted with a triphenylamine group in PCN-66. There
are two chemically distinct Cu2+ ions that comprise the copper paddlewheels, [Cu2(O2CR)4], in
all rht-MOFs. One type of Cu2+ ion, denoted Cu1, projects into the truncated tetrahedral (T-Td)
and truncated octahedral (T-Oh) cages, while the other Cu
2+ ion, denoted Cu2, projects into
the cuboctahedral (cub-Oh) cages. Electronic structure calculations revealed that, in PCN-61,
the Cu2 ions have a significantly higher partial positive charge than the Cu1 ions, whereas the
opposite was observed in PCN-66. The simulations revealed that the CO2 molecules sorb initially
onto the Cu2+ ions that have the higher partial positive charge, i.e., the Cu2 ions in PCN-61 and
the Cu1 ions in PCN-66. This was demonstrated by examining the radial distribution function,
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g(r), about both Cu2+ ions and the modeled structure at low loading for both MOFs. This study
provided insights into how differences in the charge distributions about the copper paddlewheels
between two isostructural MOFs, arising from the choice of functionality on the ligand, can lead
to different CO2 binding sites at low loading and suggests a more general conceptual framework
for controlling sorption through the tuning of MOF electronics.
6.3 Introduction
Metal–organic frameworks (MOFs) are a class of porous materials that consist of metal ions coor-
dinated to organic ligands. These materials have been shown to be useful for many applications,
such as gas storage and separations3,4 and catalysis.188,189 MOFs have the potential to act as
selective sorbents for greenhouse gases, particularly carbon dioxide (CO2), which are released in
large quantities into the atmosphere from the burning of fossil fuels. This phenomenon becomes
important when considering the unprecedented increase in global CO2 concentration in the atmo-
sphere and the effects that it can have on climate change and the environment. The capture and
separation of CO2 from power plants may be an effective way to decrease CO2 emissions. MOFs
show great promise for this application over traditional materials such as zeolites and activated
carbons due to their high surface areas and tunable pore sizes and compositions that lead to
selectivity.190 MOFs are inherently modular as a number of different structures can be synthe-
sized by substituting the metal ion and/or ligand.46,129 Many MOFs have been synthesized and
evaluated for their CO2 sorption and separation capacity within the past two decades.
128,191,192
rht-MOFs are one of the most popular classes of MOFs that have been
synthesized.5,30–32,34,35,47–51,100,101,132–136,193–195 These MOFs represent one of the best known ex-
amples of a MOF platform. rht-MOFs can be synthesized using almost any triisophthalate ligand
that exhibits C3 symmetry. The isophthalate groups of the ligand coordinate to M
2+ ions to form
square paddlewheel, [M2(O2CR)4], clusters. A total of 24 isophthalate groups are connected to
M2+ ions to form a cuboctahedron. The center of the ligand, which constitutes a component
with C3 symmetry, represents a triangular building block. Each edge of the cuboctahedron (i.e.,
the points of extension from the isophthalate groups) are connected to the triangular building
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units to form the (3,24)-connected rht net. The resulting structure of rht-MOFs consists of three
different types of cages: cuboctahedron (cub-Oh), truncated tetrahedron (T-Td), and truncated
octahedron (T-Oh). Each cage is porous and can be used to sorb guest species. rht-MOFs have
been shown to be good candidates for CO2 capture/storage due to the presence of open-metal
sites and high surface areas. A number of different rht-MOFs can be synthesized by changing
the length and functionality of the central component of the triisophthalate ligand.
One of the simplest rht-MOFs that have been synthesized is PCN-61.30,47 This MOF is
composed of Cu2+ ions coordinated to 5,5’,5”-benzene-1,3,5-triyltris(1-ethynyl-2-isophthalate)
(btei) ligands (Figure 6.1(a)). In the ligand of this MOF, a central benzene ring is coordinated
to alkyne groups at the 1-, 3-, and 5-positions; the alkyne groups are then connected to the
5-position of the isophthalate groups. The ligand size for btei, defined as the distance between
the center of the ligand and the center of a terminal benzene ring, was measured to be 6.906 A˚.
In one unit cell of the MOF, the dimension length for all axes is 42.796 A˚. PCN-61 consists of
a relatively simple, nonpolar ligand, but the MOF is still polar overall due to the presence of
open-metal sites through the copper paddlewheel, [Cu2(O2CR)4], clusters. The MOF possesses
a BET surface area of 3000 m2 g−1 and a pore volume of 1.36 cm3 g−1. Further, the sizes of
the T-Td and T-Oh cages in PCN-61 were measured to be 11.8 and 18.8 A˚, respectively. Note,
the cub-Oh size for all rht-MOFs is 12.0 A˚. Experimental studies have shown that PCN-61 can
sorb about 3.15 mmol g−1 (excess quantity) of CO2 at 298 K and 1.0 atm and has an initial
(zero-coverage) isosteric heat of adsorption, Qst, value of 21.0-22.0 kJ mol
−1.30,31
PCN-66 is an rht-MOF that can be viewed as a larger, extended version of PCN-61. This MOF
is synthesized by combining Cu2+ ions with 5,5’,5”-(4,4’,4”-nitrilotris(benzene-4,1-diyl)tris(ethyne-
2,1-diyl))triisophthalate (ntei) ligands (Figure 6.1(b)).30 In essence, the ligand of this MOF con-
sists of a triphenylamine group in place of the central benzene ring as seen in the ligand for
PCN-61. The ligand size for ntei was measured to be 9.758 A˚, and the unit cell length for PCN-
66 is 49.112 A˚. Like PCN-61, PCN-66 is a polar MOF because it contains copper paddlewheel
units throughout the structure. The BET surface area and pore volume for PCN-66 are much
larger than those for PCN-61, with values of 4000 m2 g−1 and 1.63 cm3 g−1, respectively. PCN-66
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(a) (b)
Figure 6.1: (a) 5,5’,5”-benzene-1,3,5-triyltris(1-ethynyl-2-isophthalate) (btei) and (b) 5,5’,5”-
(4,4’,4”-nitrilotris(benzene-4,1-diyl)tris(ethyne-2,1-diyl))triisophthalate (ntei) ligand used to
synthesize the rht-MOFs PCN-61 and PCN-66, respectively. Atom colors: C = cyan, H =
white, N = blue, O = red.
also exhibits larger T-Td and T-Oh sizes, with values of 12.0 and 20.6 A˚, respectively. The excess
CO2 uptake for PCN-66 at 298 K and 1.0 atm was measured to be approximately 1.97 mmol g
−1
through experimental measurements. PCN-66 sorbs a lower gravimetric quantity of CO2 than
PCN-61 at 298 K and 1.0 atm possibly because of the larger pore sizes leading to inherently
weaker net interactions. In general, MOFs with smaller pore sizes can sorb larger amounts of
CO2 at low loading because the smaller pores allow more atoms of the framework to interact
with the sorbate molecules simultaneously. However, at higher loadings, PCN-66 outperforms
PCN-61 for CO2 sorption due to its higher surface area and available pore volume. For instance,
at 298 K and 35.0 atm, PCN-66 can sorb 26.3 mmol g−1 of CO2 compared to 23.5 mmol g−1 for
PCN-61.
In this work, simulations of CO2 sorption were performed in PCN-61 and PCN-66 using grand
canonical Monte Carlo (GCMC) methods27 to better understand the CO2 sorption mechanisms
in the respective MOFs. It will be shown that the sorption mechanisms are different from each
other at low loading even though both MOFs have the same topology and are isostructural to
each other. In all rht-MOFs, the two Cu2+ ions that comprise the copper paddlewheels are in
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(a) (b)
Figure 6.2: (a) The a/b/c axis view and (b) the view of the 45◦ angle between two axes of the
unit cell of PCN-61. The Cu2+ ions colored in green are denoted as Cu1, while the Cu2+ ions
colored in yellow are denoted as Cu2. The same labeling for the Cu2+ ions on the paddlewheel
can be made for PCN-66 and all other rht-MOFs. Atom colors: C = cyan, H = white, O = red,
Cu = green/yellow.
chemically distinct environments; the two different types of Cu2+ ions are depicted in Figure 6.2.
As shown in the figure, all green-colored Cu2+ ions, denoted Cu1 throughout this manuscript,
are closer to the center of the ligand and they project into the T-Td and T-Oh cages. On the
other hand, all yellow-colored Cu2+ ions, denoted Cu2 throughout this manuscript, are furthest
away from the center of the ligand and they project into the cub-Oh cages. Note, while the
two Cu2+ ions of the copper paddlewheels in all rht-MOFs appear identical if observed from
the perspective of a single linker, this is predicated on the ability of the carboxylate carbon-
aromatic carbon bond to allow free rotation, which is not possible in the rigid crystal structure
for rht-MOFs.
Because the aforementioned Cu2+ ions are located in different environments in the structure
of rht-MOFs, the calculated partial charges for these Cu2+ ions will be distinct from each other.
Specifically, one type of Cu2+ ion has a significantly higher positive charge magnitude than the
other. Indeed, this will be demonstrated through the electronic structure calculations performed
for both MOFs and the subsequent results reported herein. In addition, it will be revealed that
the charge distribution about the copper paddlewheels are different for both MOFs. Apparently,
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substituting the central benzene ring as seen in PCN-61 with a triphenylamine group as observed
in PCN-66 resulted in different relative partial charges about the chemically distinct Cu2+ ions in
the respective structures. Particularly, in one MOF, the Cu2 ions have the higher partial positive
charge than the Cu1 ions, but this distribution is flipped/reversed in the other MOF. It will be
shown in the simulations executed herein that the CO2 molecules will sorb first onto the Cu
2+
ions with the higher partial positive charge. Note, while it is common practice to equate these
two Cu2+ ions for simulations in rht-MOFs as performed in recent theoretical studies by other
groups,5,104,105,134 it was observed through our electronic structure calculations that a significant
charge difference exists between the two Cu2+ ions of the copper paddlewheels in these MOFs.
6.4 Methods
The parametrization of PCN-61 was previously reported by our group,102 and the resulting
force field parameters for the MOF were used for the simulations herein. In this work, PCN-
66 was parametrized using a similar procedure. The parametrizations include assigning repul-
sion/dispersion parameters, partial charges, and point polarizabilities to the nuclear center of all
atoms of the framework. Note, point polarizabilities were given to all atoms in the MOF struc-
ture to model explicit many-body polarization interactions. The inclusion of polarization was
required to capture any sorption of CO2 molecules onto the open-metal sites in classical GCMC
simulation.26,148,196 The crystal structure of PCN-66 was chosen such that all aromatic rings of
the triphenylamine units were tilted in a right-inward (or left-inward, if looking at the linker
from the opposite direction) fashion as shown in Figure 6.1(b). This was done to preserve the
symmetry of the PCN-66 crystal structure, which allowed for a more efficient parametrization
process. This choice for the aromatic ring arrangement yielded a total of 30 atoms in chemically
distinct environments for PCN-66 (see Supporting Information of ref 197).
The partial charges for all chemically distinct atoms in PCN-66 were determined through
electronic structure calculations on several fragments that were isolated from the crystal structure
of the MOF. The fragments were chosen such that they were closely representative of the chemical
environment of the MOF. Chemical termination was achieved by adding hydrogen atoms where
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appropriate. The fragments that were selected for PCN-66 can be found in the Supporting
Information of ref 197). The NWChem ab initio simulation software11 was used to calculate
the electrostatic potential surface for each fragment. For these calculations, all light atoms were
treated at the 6-31G* level of theory, whereas the LANL2DZ ECP basis set14–16 was used to
treat the Cu2+ ions. The CHELPG method106,107 was used to fit the charges onto the atomic
centers of each fragment to reproduce the respective surfaces. The partial charges for all 30
chemically distinct atoms were averaged between the fragments. All partial charges for each
fragment, including the final calculated charges that were used for the simulations in PCN-66,
can be found in the Supporting Information of ref 197. The partial charges were found to be in
very good agreement among the fragments, with standard deviations of typically less than 0.10
e−.
The electronic structure calculations in both MOFs revealed notable differences in the mag-
nitudes of the partial charges for the two chemically distinct Cu2+ ions relative to each other.
As shown in Figure 6.3, the Cu2 ions have a greater partial positive charge than the Cu1 ions
in PCN-61. This is a probable consequence of the fact that the Cu2 ions have less proximal
functionality than the Cu1 ions and that the Cu2-Cu2 distance between linearly aligned paddle-
wheels (across the cub-Oh cage) is greater than that observed between two Cu1 ions within the
T-Td and T-Oh cages. In contrast, replacing the central benzene ring as observed in PCN-61
with a triphenylamine group to give rise to PCN-66 causes the Cu1 ions to exhibit a higher
partial positive charge compared to the Cu2 ions.
This charge flip in PCN-66 could be because the tilt of the phenyl ring in the triphenylamine
group causes the pi electrons within the ring to become proximal to the Cu1 ions. As this happens,
the Cu1 ions will be forced to increase in positive charge, thus becoming more electron deficient,
to avoid electron-electron repulsion. The increasing distance between linearly aligned copper
paddlewheels within the T-Td and T-Oh cages (13.43 A˚ in PCN-66 vs 9.07 A˚ in PCN-61) could
also be the reason for the charge flip in PCN-66. In PCN-66, the two Cu1 ions between linearly
aligned paddlewheels are farther apart from each other compared to PCN-61, which causes the
electronic attraction between the two electropositive ions to decrease. Further calculations on
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(a) (b)
Figure 6.3: Organic ligand and copper paddlewheel units in (a) PCN-61 and (b) PCN-66. H
denotes the Cu2+ ion on the paddlewheel that exhibits the higher partial positive charge, while
L denotes the Cu2+ ion on the paddlewheel that exhibits the lower partial positive charge. Atom
colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
Table 6.1: Calculated Partial Charges for the Cu1 Ions (Green Colored Cu2+ Ions in Figure 6.2)
and Cu2 Ions (Yellow Colored Cu2+ ions in Figure 6.2) for PCN-61 and PCN-66
Atom PCN-61 q (e−) PCN-66 q (e−)
Cu1 0.87120 1.29980
Cu2 1.44480 0.69940
the [Cu2(O2CC6H5)4] clusters that were taken from the crystal structure of the respective MOFs
strongly suggest that differences in the structures of the copper paddlewheels between the two
MOFs are responsible for the different charge distributions about the Cu2+ ions in both MOFs
(see Supporting Information of ref 197 for details). The values for the partial charges of the
two chemically distinct Cu2+ ions in both MOFs are included in Table 6.1. For both MOFs,
the most positively charged Cu2+ ion has an approximately +0.6 e− increase in charge over the
other Cu2+ ion.
While the partial charges for the atoms in all MOFs are dependent on the chemical envi-
ronment of the respective frameworks and they must be determined separately for every MOF
structure of interest prior to simulations, experience suggests that it is adequate that all MOF
atoms can be given atom-consistent parameters to model repulsion/dispersion and polarization
interactions. The parameters from the Universal Force Field (UFF)9 were given to the nuclear
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center of all atoms in PCN-66 to handle repulsion/dispersion interactions. The point polariz-
abilities for all light atoms were taken from van Duijnen et al.,20 while the polarizability of Cu2+
was determined in earlier work24 and used for the simulations herein.
GCMC simulations of CO2 sorption in PCN-61 and PCN-66 were performed in a rigid unit
cell of the respective MOFs. The total potential energy of the MOF-CO2 system was calculated
through the sum of the Lennard-Jones potential energy, the electrostatic energy via Ewald sum-
mation,88 and the many-body polarization energy as calculated using a Thole-Applequist type
model.17–19,166 Simulations of CO2 sorption were performed using a five-site polarizable CO2
potential that was developed recently.26 This potential was shown to capture the Cu2+-CO2 in-
teraction in MOFs containing copper paddlewheel units with high accuracy in classical molecular
simulation.26,148 This potential was also shown to produce excellent simulation results in MOFs
that contain inorganic anions, such as SiF6
2− ions,38,140–142,198 TiF62− ions,198,199 and MO42− (M
= Cr, Mo, W) ions.200,201 All simulations were performed using the Massively Parallel Monte
Carlo (MPMC) code, an open-source code that is available for download on Google Code.29
For both MOFs, the simulations consisted of 1.0 × 106 Monte Carlo steps for all low pressure
state points considered (up to 1.0 atm) to guarantee equilibration. The simulations continued
until about 5.0 × 106 Monte Carlo steps were reached to sample the desired thermodynamic
properties. For the higher pressure state points (2.0-5.0 atm) in both MOFs, the simulations
consisted of 1.0 × 106 Monte Carlo steps initially followed by 1.0 × 106 additional Monte Carlo
steps afterward. Note, simulation at higher pressures in both large unit cells is computationally
expensive, especially when considering the fact that explicit induction was included in the simu-
lations. However, we believe that further averaging of the considered high pressure state points
will not materially change the conclusions presented in the manuscript.
6.5 Results and Discussion
The experimental and simulated excess CO2 sorption isotherms in PCN-61 and PCN-66 at 298
K and up to 5.0 atm are shown in Figure 6.4. The experimental data for PCN-61 was taken
from the raw data reported in ref 31, whereas the experimental data for PCN-66 was estimated
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Figure 6.4: Excess CO2 sorption isotherms in PCN-61 (solid lines) and PCN-66 (dashed lines)
for experiment (black) and simulation (red) at 298 K and pressures up to 5.0 atm.
from Figure 6.5 in ref 30. The simulated CO2 sorption isotherms for both MOFs are in excellent
agreement with the corresponding experimental data for the majority of state points considered.
The maximum calculated errors for CO2 sorption in PCN-61 and PCN-66 are ±0.11 and ±0.14
mmol g−1, respectively. A noticeable oversorption can be observed for the simulated isotherm in
PCN-66 compared to experiment for pressures up to 1.0 atm. Nevertheless, we believe that the
experimental and simulated uptakes in this pressure range are similar to each other to within joint
uncertainties with similar shapes and trends. Note, using a carefully parametrized nonpolar CO2
potential26 in both MOFs resulted in a physically unreasonable shape for the sorption isotherm in
the respective MOFs, as the isotherms qualitatively and quantitatively disagreed with experiment
even though implicit polarization is included in the model (see Supporting Information of ref197).
As seen through both experimental measurements and simulation, PCN-61 sorbs more CO2
than PCN-66 at low pressures. This can be attributed to the smaller pore sizes (i.e., smaller T-Td
and T-Oh cages) and higher metal partial charge for the favorable Cu
2+ ion for PCN-61 compared
to PCN-66. Both narrower pores and increased charge density allow for stronger MOF-sorbate
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(a)
(b)
Figure 6.5: Radial distribution functions, g(r), of CO2 molecules about (a) the Cu1 ions (green-
colored Cu2+ ions in Figure 6.2) and (b) the Cu2 ions (yellow-colored Cu2+ ions in Figure 6.2)
in PCN-61 (green) and PCN-66 (blue) at 298 K and 0.20 atm.
145
interactions. Note, because of the larger surface area for the latter, PCN-66 sorbs more CO2
than PCN-61 at higher pressures.30
Although there is higher pressure experimental data (up to 60.0 atm) available for both
MOFs, only CO2 uptakes up to 5.0 atm were calculated and compared with experiment in this
work. Simulations of CO2 sorption at higher pressures were not performed due to the expense
of solving the many-body polarization equations as more sorbate molecules are introduced into
the respective frameworks that each contain over 2000 MOF atoms in one unit cell. PCN-61 and
PCN-66 have unusually large unit cells that present a challenge for the current implementation
of our many-body polarization methods. Future work involves utilizing graphics processing units
(GPUs) to alleviate this effect.202 However, we believe that the comparisons up to 5.0 atm is
sufficient for the present purpose since this is the regime where sorption onto the open-metal
sites is captured and where all of the most interesting chemistry between the CO2 molecules and
the MOFs can be observed. At higher pressures, both MOFs simply act as a container for the
sorbate molecules.
The radial distribution functions, g(r), of the CO2 carbon atoms about both chemically
distinct Cu2+ ions in PCN-61 and PCN-66 at 298 K and 0.20 atm are shown in Figure 6.5.
This is the state point where the initial sorption sites are being populated at similar excess CO2
uptakes for both compounds. The g(r) shown herein are normalized to a total magnitude of
unity over the distance examined (9.0 A˚). A large peak can be observed about the Cu1 ions
in PCN-66 at a distance of approximately 3.25 A˚ (Figure 6.5(a)). This peak corresponds to a
significant quantity of CO2 molecules sorbing onto the Cu1 ions in PCN-66, with a Cu
2+-C(CO2)
distance of nearly 3.25 A˚. In contrast, the magnitude of this peak about the Cu1 ions is severely
reduced, and it is shifted to higher distances in PCN-61. This indicates that there is a much
lower quantity of CO2 molecules sorbing onto this ion in PCN-61, with longer/weaker interaction
distances. Indeed, sorption onto the Cu1 ions in PCN-61 is not as favorable as in PCN-66. This
is attributed to the differences in the partial charges calculated for the Cu1 ions in the respective
MOFs. Since the Cu1 ions have the greater partial positive charge in PCN-66, these ions are
146
the preferential sorption sites for CO2 in this MOF, especially when the sorbates molecules first
enter the material.
While sorption onto the Cu1 ions is minimally observed in PCN-61 compared to PCN-66, a
large quantity of CO2 molecules can be seen sorbing onto the Cu2 ions in the former. This is
reflected by the noticeable 3.25 A˚ radial distribution peak that is seen in the g(r) about the Cu2
ions for PCN-61 (Figure 6.5(b)). Indeed, sorption was primarily observed onto the Cu2 ions in
PCN-61 at low loading. This is because the Cu2 ions have the higher partial positive charge and
associated sorption enthalpy at this state point in this MOF, as the CO2 molecules initially sorb
onto the Cu2+ ions with the greater positive charge. This large 3.25 A˚ radial distribution peak
about the Cu2 ions is not observed in PCN-66, since there is less electron deficiency on these
ions in this MOF. As explained above, the Cu1 ions are the dominant sorption sites for the CO2
molecules in PCN-66. Note, a noticeable peak at approximately 5.75 A˚ can be seen about the
Cu1 ions in PCN-61 (Figure 6.5(a)) and the Cu2 ions in PCN-66 (Figure 6.5(b)). These peaks
correspond to sorption onto the Cu2 ions and Cu1 ions in PCN-61 and PCN-66, respectively.
Note, the aforementioned Cu2+-C(CO2) distance observed in the simulations in this work is
comparable to the corresponding distances that were observed in HKUST-1, a prototypal MOF
containing copper paddlewheel units, through neutron powder diffraction (NPD) studies.149 In-
deed, Cu2+-C(CO2) distances in the range of 3.0-3.2 A˚ were observed in the crystal structure
reported in ref 149. Similar g(r) plots can be observed about both Cu2+ ions in the respective
MOFs at other pressures. For instance, at lower pressures, the magnitude of the 3.25 A˚ radial
distribution peak about the Cu1 (Cu2) ions in PCN-66 (PCN-61) is increased, where it is de-
creased at higher pressures. It is important to mention that the large 3.25 A˚ radial distribution
peaks about the favorable Cu2+ ions for the respective MOFs, as shown in Figure 6.5, can only
be generated using a polarizable force field for the MOF and sorbate molecules. Models that
neglect explicit polarization interactions will capture a severe reduction and/or shifting (to larger
distances) of the aforementioned peak about the Cu2+ ions.26,148
The normalized distribution of the induced dipoles resulting from the polarizable potential for
the sorbed CO2 molecules in PCN-61 and PCN-66 at 298 K and 0.20 atm are presented in Figure
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Figure 6.6: Normalized CO2 dipole distribution in PCN-61 (green) and PCN-66 (blue) at 298 K
and 0.20 atm.
6.6. A broad peak can be observed from 0.30 to 1.10 D for both MOFs. This peak corresponds
to the sorption of CO2 molecules onto the open-metal sites in the respective MOFs, as the metal
centers induce high dipoles on the CO2 molecules. However, as explained above, the type of Cu
2+
ion that the CO2 molecules are sorbing to initially is different for both MOFs. Figure 6.7 shows
the three-dimensional histograms displaying the sites of CO2 occupancy in PCN-61 and PCN-66
that correspond to the peak ranging from 0.30 to 1.10 D as seen in Figure 6.6. For PCN-61, it
can be observed that the CO2 molecules are localized inside the cub-Oh cages, where they sorb
onto the Cu2 ions (Figure 6.7(a)). This is consistent with the large 3.25 A˚ radial distribution
peak that is observed about the Cu2 ions in PCN-61 (Figure 6.5(b)). On the other hand, it
was discovered that the CO2 molecules sorbed outside the cub-Oh cages (and into the T-Td and
T-Oh cages) in PCN-66, where the sorbate molecules bind onto the Cu1 ions (Figure 6.7(b)).
This verifies the g(r) results for PCN-66, as a large peak at 3.25 A˚ can be observed about the
Cu1 ions in this MOF (Figure 6.5(b)). A close-up view of the initial CO2 sorption sites in both
MOFs (Cu2 ions in PCN-61, Cu1 ions in PCN-66), as captured from the Monte Carlo sorption
history in the respective MOFs, are shown in Figure 6.8. Consistent with the g(r) results in
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(a) (b)
Figure 6.7: Three-dimensional histogram in (a) PCN-61 and (b) PCN-66 showing the sites of
CO2 sorption (blue) corresponding to induced dipole magnitudes of 0.30-1.10 D (see Figure 6.6).
CO2 occupancy was observed about the Cu2 ions in PCN-61 and the Cu1 ions in PCN-66. Atom
colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
both MOFs, the Cu2+–C(CO2) distances were measured to be approximately 3.25 A˚ (the closest
Cu2+-O(CO2) distances were about 2.4 A˚).
The peak spanning the region from 0.00 to 0.30 D in Figure 6.6 for PCN-61 and PCN-66
corresponds to the sorption of CO2 molecules into the corners of the T-Td and T-Oh cages for
both MOFs. The three-dimensional histograms depicting these sorption sites in both MOFs
are provided in Figure 6.9. In this region, the CO2 molecules are essentially sorbing onto the
vertices of the copper paddlewheels. In one corner, the CO2 molecules can interact with the
sides of three neighboring copper paddlewheels. This is where the majority of CO2 molecules
sorb to after the open-metal sites are filled. This region is dominated by van der Waals and
electrostatic interactions, so it makes sense that a large number of CO2 molecules are found here
in both MOFs, especially at higher loadings. Note, the corners of the T-Td and T-Oh cages
have been observed as sorption sites in other rht-MOFs.102,104,143,148 Although only the dipole
distributions at 298 K and 0.20 atm are provided herein, similar distributions can be observed at
other pressures for both MOFs. Only the magnitudes of the two noticeable peaks are different at
other pressures. For instance, at pressures lower than 0.20 atm, the magnitude of the peak from
0.30 to 1.10 D is increased, whereas the peak from 0.00 to 0.30 D is decreased. The opposite
effect regarding the two peaks can be seen at pressures greater than 0.20 atm.
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(a) (b)
Figure 6.8: A molecular illustration of the CO2 binding site about (a) the Cu2 ions in PCN-61
and (b) the Cu1 ions in PCN-66 as determined from simulation. Atom colors: C = cyan, H =
white, N = blue, O = red, Cu = tan.
6.6 Conclusion
In conclusion, simulations of CO2 sorption in the rht-MOFs PCN-61 and PCN-66 were pre-
sented in order to better understand the mechanism of CO2 sorption in the respective MOFs
and how small differences in the electronics of the metal centers in these isostructural MOFs can
control the initial sorption sites. These are two rht-MOFs that differ only in the functionality
within the center of ligand used to synthesize the individual MOFs. The simulated CO2 sorption
isotherms, using explicitly polarizable force fields, are in very good agreement with the experi-
mental isotherms for both MOFs for the pressure range considered at 298 K. As expected, the
initial CO2 sorption sites in both MOFs are the open-metal sites. Sorption into the corners of
the T-Td and T-Oh cages was observed as the secondary sites for both MOFs.
Although the CO2 molecules sorb onto the Cu
2+ ions of the copper paddlewheels at low
loading in both MOFs, the type of Cu2+ ion is different in each MOF. As observed from the
simulations performed herein, the CO2 molecules primarily sorb onto the Cu2 ions (the ions pro-
jecting into the cub-Oh cages) in PCN-61, while they sorb onto the Cu1 ions (the ions projecting
into the T-Td and T-Oh cages) in PCN-66. This was confirmed by examining the g(r) about
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(a) (b)
Figure 6.9: Three-dimensional histogram in (a) PCN-61 and (b) PCN-66 showing the sites of
CO2 sorption (blue) corresponding to induced dipole magnitudes of 0.00-0.30 D (see Figure 6.6).
CO2 occupancy was observed in the corners of the T-Td and T-Oh cages in both MOFs. Atom
colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
both types of Cu2+ ions for both MOFs and inspecting the sites of CO2 occupancy at low loading
in the two MOFs through the distribution of the induced dipoles.
The key factor that governs the initial binding site about the copper paddlewheels is the
electrostatics for the two types of Cu2+ ions that comprise these paddlewheels. As revealed
through electronic structure calculations, one type of Cu2+ ion has a significantly higher positive
charge magnitude than the other in rht-MOFs. It was observed from the simulations that the
CO2 molecules sorbed initially onto the Cu
2+ ions that had the higher partial positive charge. In
PCN-61, the Cu2 ions were found to have the higher partial positive charge than the Cu1 ions;
thus, the Cu2 ions were the initial sorption sites in this MOF. In PCN-66, using a triphenylamine
group in place of the central benzene ring as seen in PCN-61 causes the Cu1 ions to exhibit a
higher positive charge than the Cu2 ions; this resulted in the Cu1 ions becoming the initial
sorption sites in this MOF. This tunability in the initial sorption sites between PCN-61 and
PCN-66, by relatively minor structural changes not proximal to the metal centers, suggests the
possibility for rational design in synthesis through a combination of experimental and theoretical
efforts, where the binding site can be controlled through aspirational chemical modifications.
This could be particularly useful for catalytic applications in MOFs. Additional simulations in
other rht-MOFs are underway to confirm that the initial sorption site in rht-MOFs can indeed
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be controlled through the choice of functionality on the ligand and to better understand the
associated electronics.
6.7 Acknowledgements
This work was supported by the National Science Foundation (Award No. CHE-1152362). Com-
putations were performed under an XSEDE Grant (No. TG-DMR090028) to B.S. This publi-
cation is also based on work supported by Award No. FIC/2010/06, made by King Abdullah
University of Science and Technology (KAUST). The authors also thank the Space Foundation
(Basic and Applied Research) for partial support. The authors would like to acknowledge the
use of the services provided by Research Computing at the University of South Florida. K.M.
acknowledges the NSF Graduate Research Fellowship Program (GRFP) and the Rackham Merit
Fellowship (RMF).
152
Chapter 7
Predictive Models of Gas Sorption in a Metal–Organic Framework with
Open-Metal Sites and Small Pore Sizes
7.1 Note to Reader
This chapter contains previously published content. Reproduced from Ref. Phys. Chem. Chem.
Phys., 2017, 19, 18587–18602. with permission from The Royal Society of Chemistry (see
Appendix A)
7.2 Abstract
Simulations of CO2 and H2 sorption were performed in UTSA-20, a metal–organic framework
(MOF) having zyg topology and composed of Cu2+ ions coordinated to 3,3′,3′′,5,5′,5′′-benzene-
1,3,5-triyl-hexabenzoate (BHB) linkers. Previous experimental studies have shown that this
MOF displays remarkable CO2 sorption properties and exhibits one of the highest gravimetric
H2 uptakes at 77 K/1.0 atm (2.9 wt %) [Z. Guo, et al. Angew. Chem. Int. Ed., 2011, 50, 3178–
3181]. For both sorbates, the simulations were executed with the inclusion of explicit many-body
polarization interactions, which was necessary to reproduce sorption onto the open-metal sites.
Nonpolarizable potentials were also utilized for simulations of CO2 sorption as a control. The
simulated excess sorption isotherms for both CO2 and H2 are in very good agreement with
the corresponding experimental data over a wide range of temperatures and pressures, thus
demonstrating the accuracy and predictive power of the polarizable potentials used herein. The
theoretical isosteric heat of adsorption (Qst) values are also in good agreement with the newly
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reported experimental Qst values for the respective sorbates in UTSA-20. Sorption onto the
more positively charged Cu2+ ion of the [Cu2(O2CR)4] cluster was observed for both CO2 and
H2. However, a binding site with comparable energetics to that for an open-metal site was also
discovered for both sorbates. A radial distribution function (g(r)) analysis about the preferrential
Cu2+ ions for CO2 and H2 revealed that both sorbates display different trends for the relative
occupancy about such sites upon increasing/decreasing pressure in the MOF. Overall, this study
provides insights into the CO2 and H2 sorption mechanisms in this MOF containing open-metal
sites and small pore sizes for the first time through a classical polarizable force field.
7.3 Introduction
Currently, a nearly 45% increase in atmospheric CO2 concentration has been observed since
the onset of the industrial revolution due to the widespread use of fossil fuels.203 Because of
our global dependence on such energy sources, the concentration of CO2 in the atmosphere will
continue to increase, with CO2 levels projected to be about double that of pre-industrial times
by the year 2050.204 Thus, there is a serious need to develop efficient methods for reducing or
eliminating CO2 emissions from various industrial processes. In addition, CO2 is an impurity in
syngas, biogas, and natural gas, and it is important to separate CO2 from these mixtures as well.
The search for alternative energy carriers to replace the use of petroleum-based gasoline
and diesel fuels in vehicular applications has been a widely recognized strategy to prevent CO2
emissions. Molecular H2 remains one of the most preferred alternatives since it has a relatively
high energy capacity205 and the combustion of H2 in an engine or fuel cell releases only H2O as
a byproduct.41 However, one of the challenges of using H2 as a fuel carrier is that it interacts
weakly with its environment under near-ambient conditions, which makes the transport of neat
H2 difficult.
Metal–organic frameworks (MOFs) are an emerging class of crystalline materials that have
been shown to be promising for applications in CO2 capture and separation
128 and H2 storage.
44
These materials consist of metal ions coordinated to organic ligands (or “linkers”) to form a
three-dimensional structure that usually displays permanent porosity. Porous MOFs are capable
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of sorbing a considerable amount of CO2 and H2 within their confined spaces. In addition, the
interaction between the framework and guest molecules in MOFs is govern by physisorption,
where the binding energy is typically less than 50 kJ mol−1.206 Therefore, MOFs have the ability
to release the sorbate molecules conveniently through adjustments in thermodynamic conditions.
In contrast to traditional materials, such as zeolites and activated carbon, MOFs are highly
tunable as myriad different structures can be constructed or envisioned by changing the metal ion
and/or linker.207 The tunable nature of MOFs allows for the rational design of different stuctures
with variable topologies and chemical functionalities, which in turn can lead to distinct sorption
characteristics. It has been well-documented in the literature that MOFs containing open-metal
sites and/or small pore sizes display high affinity for CO2 and H2.
38,186,187,208,209 Particularly, the
sorbate molecules can interact strongly with the unsaturated metal centers in MOFs possessing
such moieties to provide for a high enthalpy of adsorption. In addition, small pore sizes in
MOFs will permit the sorbate molecules to interact with multiple portions of the framework
simultaneously, which also leads to an enhancement in the adsorption enthalpy.
In 2011, the MOF UTSA-20 (UTSA = University of Texas at San Antonio)36 was synthe-
sized by combining Cu2+ ions with 3,3′,3′′,5,5′,5′′-benzene-1,3,5-triyl-hexabenzoate (BHB) linkers
(Figure 7.1(a)) to afford a structure based on a trinodal (3,3,4) net of zyg topology.210 Different
views of the 1 × 1 × 2 system cell of the MOF are shown in Figures 7.1(b) and 7.1(c). UTSA-20
contains open-metal sites through the copper paddlewheel, [Cu2(O2CR)4], clusters as observed in
HKUST-1,179 PCN-14,211 and various MOFs with rht topology.35,212 We note that there are two
chemically distinct Cu2+ ions in the MOF as highlighted in Figures 7.1(b) and 7.1(c). UTSA-20
also contains small pore sizes that have been optimized by the central benzene ring and the
m-benzenedicarboxylate moieties of the BHB linker.36
The combination of the high density of exposed Cu2+ ions and optimal pore spaces in UTSA-
20 enabled this MOF to display a CH4 storage density of 0.222 g cm
−3 at 300 K and 35 bar,36
which is the highest for a MOF under similar conditions to the best of our knowledge.213–215
Furthermore, this MOF surpassed the old U.S. Department of Energy (DOE) target of 180 cm3
(STP) cm−3 for CH4 storage at room temperature and 35 bar,216 with an absolute volumetric
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CH4 sorption capacity of 195 cm
3 (STP) cm−3 under this condition. The new DOE target is now
263 cm3 (STP) cm−3 under the same conditions,217 and currently, no MOF displays a volumetric
uptake that surpasses this value at 298 K/35 bar.213 We note that a couple of MOFs can reach
this volumetric sorption capacity at 298 K and higher pressures.213,218
Additionally, UTSA-20 was shown to have high gravimetric H2 uptake at low pressures, with
an excess uptake of 2.9 wt % at 77 K and 1 bar.36 This quantity for the H2 uptake capacity
is among the highest of reported MOFs under the same condition.44 Indeed, to the best of our
knowledge, only [Cu(Me-4py-trz-ia)] (ref. 186) and PCN-12 (ref. 131) displays higher H2 uptake
than UTSA-20 at 77 K and 1 bar, with uptake values of 3.07 and 3.05 wt %, respectively.
However, the moderate surface area of this MOF (1156 m2 g−1 according to Brunauer–Emmett–
(a) (b)
(c)
Figure 7.1: (a) 3,3′,3′′,5,5′,5′′-benzene-1,3,5-triyl-hexabenzoate (BHB) linker used to synthesize
UTSA-20. (b) The orthographic c-axis view and (c) b-axis view of the 1 × 1 × 2 system cell
of UTSA-20. The Cu2+ ions are color-coded to highlight the two chemically distinct Cu2+ ions.
Atom colors: C = gray, H = white, O = red, Cu1 = orange, Cu2 = green.
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Teller (BET) theory)219 limits the H2 uptake to 4.1 wt % at 77 K and 15 bar.
36 In addition,
the H2 uptake at 300 K and 50 bar was measured to be only 0.25 wt %, which is far below
the DOE target for on-board H2 storage (7.5 wt % at room temperature and high pressures).
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UTSA-20 also displayed remarkable CO2 sorption properties, with an excess gravimetric uptake
of 5.2 mmol g−1 at 300 K and 1 bar and an excess volumetric uptake of 301 cm3 (STP) cm−3 at
300 K and 35 bar.36
In this work, we perform state-of-the-art grand canonical Monte Carlo (GCMC) simulations of
CO2 and H2 sorption in UTSA-20 to elucidate the sorption mechanism and binding sites for both
gases in this MOF. Our potential energy function for the MOF and sorbates consist of parameters
to describe repulsion/dispersion, stationary electrostatic, and explicit many-body polarization
interactions. While most previous MOF–sorbate simulation studies exclude the last energetic
term, we148,221,222 and others223,224 have shown that the inclusion of classical polarization was
necessary to generate sorption isotherms that are in very good agreement with experiment and
capture the sorption of guest molecules onto the open-metal sites in MOFs containing such
moieties.
Herein, we demonstrate that utilizing a polarizable force field for simulations of gas sorption
in a MOF containing open-metal sites and small pore sizes allows for the close reproduction
of experimental observables for a variety of thermodynamic conditions in the material. Specif-
ically, we simulated CO2 and H2 sorption in UTSA-20 using highly accurate and transferable
polarizable potentials that have been developed in our group23,26 and show that our simulated
isotherms are in outstanding agreement with the reported experimental data36 over a wide range
of temperatures and pressures. We also report the experimental isosteric heat of adsorption
(Qst) for CO2 and H2 in UTSA-20 for the first time in this work. It will be shown that such Qst
values are in good agreement with those obtained directly through GCMC simulations within
the considered loading range. In general, robust agreement with experimental measurements
engenders confidence in a variety molecular level predictions, such as the preferred sorption sites
in the MOF.
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Furthermore, it will be shown that differences in the calculated point partial charge for the
two chemically distinct Cu2+ ions will influence the choice of metal ion that the sorbate molecules
will bind to initially. This will be confirmed through analysis of the radial distribution function
(g(r)) of the sorbate molecules about both unique Cu2+ ions. In addition, it will be revealed that
CO2 and H2 have unusually different trends for the relative occupancy about the preferred type
of Cu2+ ion upon increasing/decreasing pressure in the MOF. For simulations of CO2 sorption
in UTSA-20, we also utilized two electrostatic (nonpolarizable) models for the sorbate, with
one of them being the well-known and widely used TraPPE potential.25 It will be shown that
simulations using these models do not capture a significant quantity of CO2 molecules sorbing
onto the open-metal sites.
7.4 Methods
All parametrizations and simulations were executed on the crystal structure of UTSA-20 as
reported in reference 36.
7.4.1 Parametrization
All atoms in the UTSA-20 framework were given Lennard-Jones 12–6 parameters ( and σ),225
point partial charges, and scalar point polarizabilities to model repulsion/dispersion, stationary
electrostatic, and many-body polarization interactions, respectively. The Lennard-Jones parame-
ters for all MOF atoms were taken from the Universal Force Field (UFF).9 In comparison to other
general force fields,10,226 the parameters from UFF are perhaps the most widely used to model
repulsion/dispersion interactions in MOF–sorbate simulation studies.162 In addition, utilization
of these parameters for simulations of H2 sorption in MOF-5 have reproduced experimental data
for this MOF over a range of temperatures and pressures.12
The partial charges for the chemically distinct atoms in UTSA-20 (Figure 7.2) were deter-
mined through electronic structure calculations on different representational fragments that were
selected from the crystal structure of the MOF. More details of performing these calculations
are provided in the ESI of ref. 227. For modeling explicit polarization interactions, all C, H, and
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Figure 7.2: The numbering of the chemically distinct atoms in UTSA-20 as referred to in Table
7.1. Atom colors: C = gray, H = white, O = red, Cu = tan.
Atom Label  (K) σ (A˚) q (e−) α◦ (A˚3)
Cu 1 2.516 3.114 1.3205 2.1963
Cu 2 2.516 3.114 0.8925 2.1963
O 3 30.190 3.118 -0.6905 0.8520
O 4 30.190 3.118 -0.7465 0.8520
C 5 52.840 3.431 0.8862 1.2886
C 6 52.840 3.431 -0.0861 1.2886
C 7 52.840 3.431 -0.1316 1.2886
C 8 52.840 3.431 -0.1298 1.2886
C 9 52.840 3.431 0.0373 1.2886
C 10 52.840 3.431 0.1189 1.2886
C 11 52.840 3.431 -0.2784 1.2886
H 12 22.140 2.571 0.2160 0.4138
H 13 22.140 2.571 0.1445 0.4138
H 14 22.140 2.571 0.1757 0.4138
Table 7.1: Summary of the repulsion/dispersion (Lennard-Jones  and σ), point partial charges
(q), and scalar point polarizability (α◦) parameters that were used for UTSA-20 for the simula-
tions in this work. Label of atoms corresponds to Figure 7.2.
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O atoms were given the exponential damping-type polarizability values that were reported in
reference 20. The polarizability parameters from this set were carefully parametrized and have
been shown to be highly transferable.2,112,224,228 The polarizability for Cu2+ was not included in
reference 20, but it was determined by our group previous work24 and used herein. All simulation
parameters that were used in this work for UTSA-20 are provided in Table 7.1.
7.4.2 Grand Canonical Monte Carlo
GCMC methods27 were used to perform simulations of gas sorption in UTSA-20 under different
thermodynamic conditions. All simulations were executed within the rigid 1 × 1 × 2 system
cell of the MOF as shown in Figures 7.1(b) and 7.1(c). The simulations involve randomly
inserting, deleting, rotating, or translating sorbate molecules within a simulation box containing
the MOF–sorbate system where the chemical potential (µ), volume (V ), and temperature (T )
are kept fixed. Each trial move is accepted or rejected based on a random number generator
scaled by the energetic favorability of the move. A macroscopic crystalline environment was
approximated by periodic boundary conditions with a spherical cut-off distance of 11.1433 A˚;
this value corresponds to half the shortest system cell dimension length.
µ for CO2 and H2 was determined for a range of pressures and temperatures through the
Peng–Robinson229 and BACK equations of state,89 respectively. The average particle number
(〈N〉) was calculated numerically by a statistical mechanical expression based on the grand
canonical ensemble.8,28 The total potential energy (U) of the MOF–sorbate system was calcu-
lated by summing the repulsion/dispersion (Urd), stationary electrostatic (Ues), and many-body
polarization energies (Upol). For simulations using nonpolarizable potentials (see section 7.4.4),
U consisted of only the first two energetic terms. Urd was calculated using the Lennad-Jones
12–6 potential, which is the following:225
Urd = 4ij
[(
σij
rij
)12
−
(
σij
rij
)6]
(7.1)
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where rij is the distance between sites i and j, ij is the depth of the potential well between
the two sites, and σij is the distance at which the intermolecular potential between the two sites
is zero. The interactions between unlike species were calculated using the Lorentz–Bertholet
mixing rules, where pairwise  values were determined through a geometric mean and pairwise σ
values were determined through an arithmetic mean.230 The stationary electrostatic energy was
calculated using the Coulomb potential:
Ues =
qiqj
4pi0rij
(7.2)
where qi is the partial charge at site i and 0 is the permittivity of free space. For periodic
systems as in the case of a MOF, the electrostatic energy was determined through Ewald sum-
mation88,231 of the point partial charges. The many-body polarization energy was calculated by
the following:
Upol = −1
2
N∑
i
~µi · ~Estati (7.3)
where ~µi and ~E
stat
i is the induced dipole and static electric field at site i, respectively. ~µi was
calculated using a Thole-Applequist type model:17–19,166
~µi = α
◦
i
(
~Estati −
N∑
i 6=j
Tij~µj
)
(7.4)
where α◦i is the scalar point polarizability at site i and T
αβ
ij is the dipole field tensor which
is defined from first-principles.18 In equation 7.4, ~µi was solved for iteratively using the Gauss–
Seidel relaxation method.82 For simulations of H2 sorption in UTSA-20 at 77, 87, and 100 K,
Feynman-Hibbs quantum corrections to the fourth order were applied to U according to the
following:90
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UFH = U +
β~2
24µm
(
U ′′ +
2
r
U ′
)
+
β2~4
1152µ2m
(
15
r3
U ′ +
4
r
U ′′′ + U ′′′′
)
(7.5)
where ~ is the reduced Planck’s constant, µm is the reduced mass, β is the reciprocal tem-
perature, and the primes indicate differentiation with respect to pair separation r. The inclusion
of Feynman-Hibbs corrections have been shown to be important for the accurate modeling of H2
sorption in MOFs at low temperatures.232–234 Specifically, the addition of these corrections was
necessary to reproduce experimental H2 sorption isotherms in MOFs at temperatures of 100 K
and lower. This is because H2 cannot be treated in a classical manner under these conditions due
to the low molar mass of the sorbate.161,162 Indeed, simulations of H2 sorption in UTSA-20 at
77, 87, and 100 K with Feynman-Hibbs corrections omitted resulted in simulated isotherms that
notably oversorbed the corresponding experimental measurements (see ESI of ref. 227, Figures
S9 and S11).
The experimental and simulated isotherms shown herein for UTSA-20 are based on excess
adsorption. The simulated excess uptakes (Rex), defined as the amount of gas sorbed in the pore
volume of the MOF in excess of the bulk gas capacity in the same free space,235 were determined
from a calculation that utilized the experimental pore volume (Vp) of 0.63 cm
3 g−1 (ref. 36) and
bulk gas densities (ρb) via the following expression:
Rex =
1000m(〈N〉 − Vpρb)
M
(7.6)
where m is the molar mass of the sorbate and M is the molar mass of the system cell of
UTSA-20.
The theoretical Qst values were calculated using the following expression that is based on
fluctuations in N and U :54
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Qst = −〈NU〉 − 〈N〉〈U〉〈N2〉 − 〈N〉2 + kT (7.7)
where k is the Boltzmann constant. Note that this is different from the experimental method
of extracting the Qst, which usually involves fitting the experimental isotherms at two or more
different temperatures and subsequently applying the Clausius–Clapeyron equation.170 For all
state points considered, the simulations initially consisted of 1.5 × 106 Monte Carlo steps to
guarantee equilibration. The simulations continued for an additional 1.5 × 106 Monte Carlo steps
to ensure reasonable emsemble averages for 〈N〉 and the Qst. All simulations were implemented
with the Massively Parallel Monte Carlo (MPMC) program, an open-source code that is currently
available for download on GitHub.29
7.4.3 Simulated Annealing and Canonical Monte Carlo
For both CO2 and H2 using the sorbate potentials of interest (see next subsection), simulated
annealing calculations236 within the canonical ensemble (i.e., constant N , V , and T ) were per-
formed for a single sorbate molecule initially positioned within the center of the 1 × 1 × 2 system
cell of UTSA-20. Such calculations were executed to identify the global minimum for CO2 and
H2 in the MOF. These calculations utilized the same force field parameters for the MOF as
described in section 7.4.1. Note, it will be revealed in section 7.5.1 that different energy mini-
mum positions were obtained for CO2 depending on the potential used. All simulated annealing
calculations started at an initial temperature of 500 K and this temperature was scaled by a
factor of 0.99999 after every 1.0 × 103 Monte Carlo steps. The simulations continued until the
temperature dropped below 10 K.
Afterward, canonical Monte Carlo (CMC) simulations were performed for a single CO2 and
H2 molecule positioned about the global minimum (and other considered sites) in UTSA-20.
This was done in order to evaluate the averaged classical potential energy for both sorbates
about such sites. As with the GCMC simulations and simulated annealing calculations, the
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CMC simulations were carried out on the rigid 1 × 1 × 2 system cell of the MOF with the same
force field parameters. Temperatures of 77 and 300 K were utilized for simulations involving H2
and CO2, respectively. All CMC simulations ran for a total of 1.0 × 106 Monte Carlo steps to
ensure reasonable ensemble averages for U .
7.4.4 Sorbate Potentials
Three different sorbate potentials were used for simulations of CO2 sorption in UTSA-20. The
parameters for all three CO2 potentials are summarized in Table 7.2. The first model consid-
ered is the well-known three–site nonpolarizable potential that was taken from the Transferable
Potentials for Phase Equilibria force field;25 it is referred to as TraPPE herein. This model con-
tains Lennard-Jones parameters and point partial charges on the atomic sites to handle explicit
repulsion/dispersion and electrostatic interactions, respectively. The TraPPE potential is widely
used in MOF–CO2 simulation studies probably due to the fact that was fitted to reproduce
vapor–liquid equilibria data for neat CO2 and mixtures with alkanes. Indeed, it was shown pre-
viously that TraPPE can reproduce bulk pressure–density isotherms and ab initio dimer curves
with very high accuracy.26 However, we26,148 and others237,238 have found that it can generate
aberrant or misleading results for simulations of CO2 sorption in heterogeneous environments in
certain cases.
Table 7.2: Parameters used to characterize the three CO2 potentials (TraPPE,
25 CO2-PHAST,
26
and CO2-PHAST*
26) and H2 potential
23 used in this work. OS refers to the off-atomic sites and
r corresponds to the distance from the center-of-mass (COM).
Model Atomic Site r (A˚)  (K) σ (A˚) q (e−) α◦ (A˚3)
TraPPE C 0.000 27.00000 2.80000 0.70000 0.00000
O 1.160 79.00000 3.05000 -0.35000 0.00000
C 0.000 8.52238 3.05549 0.77106 0.00000
CO2-PHAST O 1.162 0.00000 0.00000 -0.38553 0.00000
OS 1.091 76.76607 2.94473 0.00000 0.00000
C 0.000 19.61757 3.30366 0.77134 1.22810
CO2-PHAST* O 1.162 0.00000 0.00000 -0.38567 0.73950
OS 1.114 46.47457 2.99429 0.00000 0.00000
COM 0.000 12.76532 3.15528 0.74640 0.69380
H2 H 0.371 0.00000 0.00000 -0.37320 0.00044
OS 0.363 2.16726 2.37031 0.00000 0.00000
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Another electrostatic potential that was considered in this work is the five–site CO2-PHAST
model (PHAST = Potentials with High Accuracy, Speed, and Transferability) that was devel-
oped previously by our group.26 This model generated decent results for bulk pressure–density
data and potential energy curves for CO2 dimers. Although less commonly used, this model has
produced very good results for simulations of CO2 sorption in MOFs that exclude open-metal
sites, such as MOF-526 and various members of the “SIFSIX” family of materials.140,141
The third potential considered in this work is the CO2-PHAST* model, which is an analogue
of the previous model that is augmented with point polarizability parameters to treat explicit
many-body polarization interactions (the * denotes the inclusion of explicit polarization).26 Thus,
CO2-PHAST* is the most realistic of the three CO2 potentials utilized herein since it includes
an energetic term that is important for simulating in heterogeneous media that contains highly
charged and polar sites.148,228 It will be shown that simulations using the CO2-PHAST* model
generates a simulated isotherm that is in closest agreement with experiment at 300 K and low
pressures in UTSA-20 and, unlike the other two models, captures a significant quantity of CO2
molecules sorbing directly onto the open-metal sites.
For simulations of H2 sorption, the five–site polarizable potential that was developed previ-
ously by Belof et al. was used.23 Like CO2-PHAST*, this model includes Lennard-Jones param-
eters, point partial charges, and point polarizabilities to handle repulsion/dispersion, stationary
electrostatic, and many-body polarization interactions, respectively, in a mean-field fashion. In
addition to reproducing bulk H2 data, this model has been shown to generate outstanding results
for simulations of H2 sorption in MOFs that possess open-metal sites.
24,102,143,148,221–223,239,240 The
parameters for this model are listed in Table 7.2.
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7.5 Results and Discussion
7.5.1 CO2 Sorption
Sorption Isotherms
Figure 7.3 shows the simulated excess CO2 sorption isotherms for the TraPPE, CO2-PHAST,
and CO2-PHAST* models compared to experiment
36 in UTSA-20 at 300 K and pressures up
to 1 atm. It can be observed that the TraPPE model produced an isotherm that overestimates
experiment for all pressures considered, especially within the higher pressure end of the region.
This is consistent with previous findings that, although extensively used, this potential can
generate simulated isotherms that notably oversorb experiment in MOFs.148,238 In addition, it
will be shown later (in section 7.5.1) that the TraPPE model does not capture the sorption of
CO2 onto the Cu
2+ ions of the copper paddlewheels, which are the expected initial loading sites.
Thus, utilizing this model can be inadequate for simulating sorption isotherms and reproducing
the most prominent sorbent–sorbate interactions in MOFs.
On the other hand, the excess sorption isotherms produced by the CO2-PHAST and CO2-
PHAST* models are in better agreement with the experimental data, especially in the low
pressure region. Indeed, both models generated only slightly higher uptakes than experiment
for all pressures considered, with the CO2-PHAST* model yielding uptakes that are closer to
experiment from 0.60 to 1.0 atm. Although the CO2-PHAST potential produced excess uptakes
that are in closer agreement with experiment at low pressures (< 0.3 atm), such uptakes deviate
from experiment at higher pressures, indicating a different general shape than the experimental
isotherm. Further, it will be revealed later in section 7.5.1 that the lack of induced dipole
parameters for this model leads to only a few CO2 molecules sorbed in the vicinity of the open-
metal sites. This is in contrast to what was observed for simulations using the CO2-PHAST*
model, where sorption onto the Cu2+ ions is captured. For simulations using TraPPE and CO2-
PHAST, the CO2 molecules are mainly sorbing to regions dominated by repulsion/dispersion
energetics, with the former producing a higher quantity of sorbate molecules loading into such
regions; this could explain the significant oversorption compared to experiment for this model.
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Figure 7.3: Low pressure excess CO2 sorption isotherms in UTSA-20 at 300 K for experiment
(black) and simulations using the TraPPE (blue), CO2-PHAST (green), and CO2-PHAST* (red)
models. The experimental data were taken from reference 36.
In general, the polarizable CO2-PHAST* model yielded the best overall agreement with
experiment out of the three models at 300 K and pressures up to 1 atm. Indeed, this potential
generated an isotherm that has the same general shape as experiment under these conditions.
To further evaluate the accuracy of this model, we simulated CO2 sorption in UTSA-20 at
higher pressures and lower temperatures using this potential and compared the results to the
available experimental data. Figure 7.4 shows the excess CO2 sorption isotherms in UTSA-20
for experiment (as taken from the original reference)36 and simulations using the CO2-PHAST*
model at 220, 240, 270, and 300 K within the low pressure (up to 1 atm) and high pressure
regions. While the simulations generated a low pressure isotherm that is in good agreement with
experiment at 270 K, which is consistent with the results at 300 K, the calculated uptakes notably
overestimate experiment at 220 and 240 K within the same region (Figure 7.4(a)). Simulations
using the TraPPE and CO2-PHAST models also produced excess uptakes that are significantly
higher than experiment under these conditions (see ESI of ref. 227, Figures S3(a) and S3(b)).
Thus, it appears that all three models capture an overly attractive interaction between the
MOF and the CO2 molecules within the low pressure limit at lower temperatures in UTSA-20.
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However, only the CO2-PHAST* potential reproduced experimental observables for the MOF
under ambient conditions.
It can be seen that simulations using the CO2-PHAST* potential generated uptakes that are
in closer agreement with experiment at higher pressures and all temperatures (Figure 7.4(b)).
These results suggest that our model can reproduce experimental measurements over a wide
(a)
(b)
Figure 7.4: (a) Low pressure (up to 1 atm) and (b) high pressure excess CO2 sorption isotherms
in UTSA-20 for experiment (circles with lines) and simulation (star) at 220 K (black), 240 K
(red), 270 K (green), and 300 K (blue). The simulated results are shown for the CO2-PHAST*
model. The experimental data were taken from reference 36.
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range of temperatures and pressures for this MOF possessing open-metal sites and small pore
sizes. Simulations of CO2 sorption were also executed with the TraPPE and CO2-PHAST models
at higher pressures and lower temperatures and the results are presented in the ESI of ref. 227
(Figures S4(a) and S4(b)). It can be observed that these potentials produced isotherms that are
generally in lower agreement with experiment compared to the CO2-PHAST* model under these
conditions.
Isosteric Heats of Adsorption
In this work, we utilized the raw excess CO2 sorption data for UTSA-20 as shown in reference 36
to report the Qst for CO2 in this MOF for the first time. Evaluation of the experimental Qst for
sorbates in MOFs is highly dependent on the empirical fitting method used on the experimen-
tal isotherms at different temperatures to extract such quantities.128,241 The experimental CO2
Qst plotted as a function of excess uptakes for UTSA-20 as determined through two different
fitting methods (dual-site Langmuir–Freundlich (DSLF)242 and virial108,243) are shown in Figure
7.5. More details of obtaining the experimental Qst using these methods are described in the
Supporting Information of ref. 227.
Applying the virial method to the excess CO2 sorption isotherms at 270 and 300 K for
UTSA-20 resulted in a Qst value of 15.7 kJ mol
−1 at zero loading. Further, the plot obtained
by this fitting method shows that the Qst for CO2 rises as the loading increases. Increasing
Qst as a function of loading usually indicates both favorable MOF–sorbate and sorbate–sorbate
interactions at higher loadings.135,140,244 However, we do not expect this to be the case for CO2
sorption in this MOF containing open-metal sites. Indeed, the Qst for CO2 in MOFs containing
copper paddlewheel units typically exhibits a monotonically decreasing behavior,31,32,134,212 which
suggests that the CO2 molecules sorb onto the Cu
2+ ions first followed by filling of the weaker
sites. In addition, as exemplified by HKUST-1, a prototypical MOF with [Cu2(O2CR)4] clusters,
the Qst for CO2 sorbing onto these Cu
2+ ions ranges from ca. 30–35 kJ mol−1.245,246 Thus, the
low loading CO2 Qst for UTSA-20 as calculated using the virial method is not consistent with
our expectations. Overall, the resulting virial method Qst plot seems unphysical for the system.
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Figure 7.5: Isosteric heat of adsorption (Qst) for CO2 as a function of loading in UTSA-20 for
experiment using two different methods (DSLF = black, virial = brown) and simulations using
the TraPPE (blue), CO2-PHAST (green), and CO2-PHAST* (red) models.
In contrast, utilizing the DSLF method on the experimental excess CO2 sorption isotherms
at 270 and 300 K produced a Qst plot with a notably different shape. Particularly, the Qst starts
at 32.3 kJ mol−1 at the lowest loading considered and decreases rapidly to about 21 kJ mol−1
at ca. 3 mmol g−1 loading. The initial CO2 Qst that was calculated for UTSA-20 using this
method is close to the range of values that is typically associated with sorption onto the Cu2+
ions of the copper paddlewheels as shown in the CO2 Qst plot for other MOFs containing such
units.31,32,134,212,245,246 The shape of this Qst plot is consistent with that for such MOFs as well.
The CO2 Qst values that were produced from simulations using the TraPPE, CO2-PHAST,
and CO2-PHAST* potentials are also displayed in Figure 7.5. All three models generated an
initial Qst value of ca. 30 kJ mol
−1, which is close to the low loading value that was obtained by
implementing the DSLF method on the experimental isotherms. However, the shape of the Qst
plot for these potentials is not reminiscent of that for either of the experimental curves. Rather,
simulations using all three models suggest that the Qst values in UTSA-20 are roughly constant
for the considered loading range. Constant Qst values as a function of loading usually indicates
only one type of sorption site141 or multiple binding sites with similar energetics. We will show
in the case of CO2 sorption in UTSA-20 that it is the latter (see section 7.5.1). It is important
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to note that experiment and theory utilize different methods to extract the Qst. Specifically, the
experimental Qst values are determined through empirical fitting of the sorption isotherms while
the simulated Qst are computed through fluctuations in N and U via equation 7.7.
It is also interesting that the TraPPE model gives an initial Qst value that is very similar to
that for the other two potentials despite the fact that this model produced a low-pressure sorption
isotherm that notably overestimates experiment for all pressures considered (Figure 7.3). The
initial Qst value for the polarizable CO2-PHAST* model should correspond to sorption onto
the open-metal sites. Such Cu2+ ions are indeed the initial loading sites for simulations using
this potential as revealed in the following subsections. The nonpolarizable TraPPE and CO2-
PHAST models do not reproduce this Cu2+–CO2 interaction due to the absence of parameters
to treat explicit polarization; however, the initial Qst values for these models are still close to
that for CO2-PHAST*. This suggests that simulations using both the TraPPE and CO2-PHAST
potentials captures the sorption of CO2 onto a site that is comparable in energetics to that for
an exposed Cu2+ ion in this MOF. The identity of this site will be revealed in section 7.5.1.
Radial Distribution Functions
As illustrated in Figures 7.1(b) and 7.1(c), there are two chemically distinct Cu2+ ions in the
crystal structure of UTSA-20. Although there are two Cu2+ ions that make up the copper
paddlewheels, one metal ion faces toward the center of the linker whereas the other faces away
from the center of the linker; herein, they are denoted Cu1 and Cu2, respectively. We note
that the asymmetric environment about the copper paddlewheels are also be observed in MOFs
with rht topology.24,102,136,143,148,197,228,247,248 Because these Cu2+ ions are located in distinct
environments, they exhibit different point partial charges according to our electronic structure
calculations on representational MOF fragments. Specifically, it was found that the Cu1 ion has
a higher partial positive charge than the Cu2 ion (Table 7.1).
The g(r) of CO2 carbon atoms about both types of Cu
2+ ions in UTSA-20 at 300 K/0.01 atm
for the CO2-PHAST* model are displayed in Figure 7.6(a). Particularly, the normalized number
of particles is plotted as a function of the Cu2+–C(CO2) distance around each type of Cu
2+ ion.
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(a) (b)
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Figure 7.6: (a) Radial distribution function (g(r)) of CO2 carbon atoms about the Cu1 ions
(orange) and Cu2 ions (green) in UTSA-20 for simulations using the CO2-PHAST* model at 300
K and 0.01 atm. A component of the MOF highlighting the two chemically distinct Cu2+ ions
(Cu1 = orange, Cu2 = green) is shown in the inset. (b) g(r) about the Cu1 ions in UTSA-20 for
simulations using the TraPPE (blue), CO2-PHAST (green), CO2-PHAST* (red) models at 300 K
and 0.01 atm. (c) g(r) about the Cu1 ions in UTSA-20 for simulations using the CO2-PHAST*
model at 300 K and 0.01 (red), 0.10 (green), 0.50 (blue), 1.0 (violet), and 10.0 atm (cyan).
Note, all g(r) plots shown herein are normalized to a total magnitude of unity over the distance
examined (9.0 A˚). Analyzing the g(r) about the Cu1 ions reveals a large peak occurring at 3.3 A˚.
This peak signifies that there is a considerable quantity of CO2 molecules sorbing onto the Cu1
ions with an optimal Cu2+–C(CO2) distance of 3.3 A˚. This distance between the Cu
2+ ions and
the CO2 carbon atoms is very similar to what was observed for the corresponding interaction in
HKUST-1 through neutron powder diffraction (NPD) studies (3.0–3.2 A˚)149 and various MOFs
with rht topology through classical GCMC simulations (ca. 3.3 A˚).148,197,228
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Evaluating the g(r) about the Cu2 ions at the same state point reveals no significant peak
appearing from 3.0–4.0 A˚. Indeed, there are essentially no CO2 molecules located within this
range of distances from the Cu2 ions. This also indicates the absence of CO2 molecules sorbing
directly onto these ions according to our GCMC simulations. The largest nearest-neighbor peak
in the g(r) about the Cu2 ions occurs at 5.7 A˚, but this peak actually corresponds to sorption
onto the Cu1 ions. The fact that the CO2 molecules sorb onto the Cu1 ions and not the Cu2
ions in our simulations can be attributed to the notably higher calculated partial positive charge
for former (Table 7.1). The greater positive charge associated with the Cu1 ions causes these
metal species to interact more strongly with the CO2 molecules through enhanced electrostatic
and induced dipole interactions.
The g(r) plot about the Cu1 ions in UTSA-20 for the CO2-PHAST* model is compared with
that for the other two potentials at 300 K/0.01 atm in Figure 7.6(b). Unlike what was observed
for the CO2-PHAST* model, only a few CO2 molecules are found within 3.0–4.0 A˚ from the
Cu1 ions for simulations using the TraPPE and CO2-PHAST potentials. Interestingly, there
is a slightly higher sorbate population within this range of distances for the latter potential.
The absence of the large peak occurring at 3.3 A˚ signifies that these models do not capture
a significant quantity of CO2 molecules sorbing on the Cu1 ions. This is due to the fact that
these potentials do not possess the requisite polarizability parameters to accurately model this
interaction. This further demonstrates that the inclusion of explicit polarization is necessary to
reproduce sorption onto the open-metal sites in classical GCMC simulations. Note, the g(r) plots
about the Cu2 ions in UTSA-20 for all three potentials at the same state point are displayed in
the ESI of ref. 227 (Figure S6(b)).
Figure 7.6(c) shows the g(r) of CO2 carbon atoms about the Cu1 ions in the MOF at 300
K and various pressures (0.01–10 atm) for the CO2-PHAST* model. It can be observed that
the magnitude of the peak at 3.3 A˚ is at its greatest at the lowest pressure considered (0.01
atm). As the pressure increases, however, the magnitude of this peak decreases. This suggests
that there is a greater relative occupancy of CO2 molecules sorbing onto the Cu1 ions at lower
loadings. At low pressures, the CO2 molecules mainly sorb onto the highly charged Cu1 ions
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of the copper paddlewheels. As the loading increases, sorption can be observed onto other sites
after saturation of the favorable Cu1 ions. This explains why the relative occupancy about the
Cu1 ion decreases at higher pressures. The analogous g(r) plots about the Cu2 ions are shown
in the ESI of ref. 227 (Figure S5(b)). It will be shown later (in section 7.5.2) that a different
trend is observed in the case of H2 sorption in this MOF.
Sorption Sites
Examination of the Monte Carlo sorption history for simulations using the CO2-PHAST* model
in UTSA-20 at low loading revealed that the CO2 molecules are mostly sorbed onto the Cu1
ions of the copper paddlewheels. These Cu1 ions represent the most favorable binding sites
for CO2 in the MOF. This was confirmed through a simulated annealing CMC process for a
single CO2 molecule within the system cell of UTSA-20 as modeled using the CO2-PHAST*
potential. A molecular illustration of this site is depicted in Figure 7.7(a). This site corresponds
to the peak at 3.3 A˚ in the g(r) of CO2 carbon atoms about the Cu1 ions as shown in Figure
7.6. For the simulated annealing position shown in Figure 7.7(a), the Cu2+–C(CO2) and closest
Cu2+–O(CO2) distance was measured to be 3.13 and 2.24 A˚, respectively.
Direct binding of CO2 onto the Cu1 ions in UTSA-20 was not observed for simulations using
either the TraPPE or CO2-PHAST potentials, especially at low loading. This is reflected in
the g(r) of CO2 carbon atoms about the Cu1 ions for these models since the large peak at 3.3
A˚ is absent for both potentials (Figure 7.6(b)). Rather, for both models, the majority of CO2
molecules was found to sorb within a compact region between two BHB linkers in the MOF, where
the sorbate can interact primarily with the central aromatic ring of both linkers simultaneously
(Figure 7.7(b)). Indeed, this site between the two linkers represents the global minimum for
the CO2 molecules according to simulated annealing calculations using the two nonpolarizable
potentials. This site was also reproduced for GCMC simulations using the CO2-PHAST model.
We note that this region between the two BHB linkers was also discovered as a sorption site for
CH4 in UTSA-20.
36
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The sorption site between the two BHB linkers in UTSA-20 corresponds to the initial Qst
value for the TraPPE and CO2-PHAST models as shown in Figure 7.5. Likewise, the energetics
associated with sorption onto the Cu1 ions represents the initial Qst for the CO2-PHAST* po-
tential. However, as shown in Figure 7.5, all three potentials give similar initial Qst values for
CO2 in the MOF. This suggests that sorption of CO2 onto Cu1 ions and between the two linkers
have similar energetics.
To verify this, we calculated the averaged classical potential energy for a single CO2 molecule
sorbed about the global minimum for the respective models using CMC simulations. For the
CO2-PHAST* model, an averaged classical potential energy of −28.02 kJ mol−1 was calculated
for the energy minimum position about the Cu1 ion. This value is comparable to the magnitude
of the initial Qst value for this potential (30.1 kJ mol
−1). Note, the single point energy per
(a) (b)
Figure 7.7: (a) Orthographic b-axis view of a portion of the crystal structure of UTSA-20 showing
a CO2 molecule sorbed onto a Cu1 ion (atom label 1 in Figure 7.2) as determined from simulated
annealing using the CO2-PHAST* model. (b) Perspective b-axis view of a portion of the crystal
structure of UTSA-20 showing a CO2 molecule sorbed between two BHB linkers as determined
from simulated annealing using the TraPPE and CO2-PHAST models. Note, different views of
both sites are shown in the ESI of ref. 227 (Figures S7 and S8). Atom colors: C = gray, H =
white, O = red, Cu = tan.
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particle obtained from CMC simulations does not have the same definition as the Qst since no
information about the state point is given for the former. However, such CMC methods can be
used to provide appropriate comparisons to the Qst for certain systems.
2,141
For CMC simulations about the global minimum for the TraPPE and CO2-PHAST potentials
(i.e., between the two BHB linkers), an averaged classical potential energy of −26.81 and −24.14
kJ mol−1 was calculated for the respective models. These values are actually comparable to
that for the CO2-PHAST* potential about the Cu1 ions. This demonstrates that the energetics
associated with sorption onto the Cu1 ions and between the two linkers are similar to each other.
While the former is dominated by electrostatic and polarization energetics, it appears that the
latter is governed by repulsion/dispersion interactions. As the CO2 molecule is sorbed in the
region between the two linkers, the sorbate can interact with multiple portions of both linkers
simultaneously to provide for an attractive van der Waals well. This explains why this site is
also favorable for CO2 sorption in UTSA-20.
Note that the aforementioned single point energies for the TraPPE and CO2-PHAST models
are similar to the magnitudes of the initial Qst for the individual potentials (Figure 7.5). Inter-
estingly, the TraPPE model provides a higher averaged classical potential energy and initial Qst
than CO2-PHAST. This could be due to the fact that the magnitude of the Lennard-Jones  is
greater for TraPPE (Table 7.2), which could make it more attractive to regions dominated by
repulsion/dispersion.
7.5.2 H2 Sorption
Sorption Isotherms
The simulated excess H2 sorption isotherm that was generated herein with a polarizable H2
potential in UTSA-20 at 77 K and low pressures (up to 1 atm) is compared with the corresponding
experimental data36 in Figure 7.8. Our simulations were able to capture good agreement with
experiment for pressures up to 0.1 atm. At higher pressures, however, it can be observed that the
simulated isotherm slightly undersorbs experiment. Nevertheless, we believe that, overall, the
simulated low-pressure excess H2 sorption isotherm produced in this work is in decent agreement
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Figure 7.8: Low pressure excess H2 sorption isotherms in UTSA-20 at 77 K for experiment
(black) and simulation (red). Note, the simulated results were obtained with the inclusion of
Feynman–Hibbs quantum corrections.90 The experimental data were taken from reference 36.
with experiment to within joint uncertainties. The maximum calculated error for our model at
77 K and low pressures is ±0.19 mmol g−1.
Note, the simulated isotherm shown in Figure 7.8 was obtained with the inclusion of fourth-
order Feynman–Hibbs quantum corrections as explained in section 7.4.2. As a control, we also
simulated H2 sorption in UTSA-20 at 77 K with the exclusion of such corrections. It was observed
that the resulting simulated isotherm significantly oversorbed experiment, especially within the
high pressure end of the region (see ESI of ref. 227, Figure S9). This further demonstrates that
Feynman–Hibbs corrections is needed for the accurate modeling of H2 sorption in MOFs and
other porous materials at low temperatures.162,232–234 Specifically, these corrections are essential
to treat energetically dominant repulsion/dispersion interactions for H2 sorption under these
cryogenic conditions.222
As with CO2, we tested our polarizable H2 potential at different temperatures and pressures
in UTSA-20. Figure 7.9 shows the simulated excess H2 sorption isotherms compared with the
matching experimental data36 at seven different temperatures (77, 87, 100, 125, 150, 200, and 300
K) and pressures up to 50 atm. It can be observed that our simulations produced excess uptakes
that are in very good agreement with experiment at all thermodynamic conditions considered.
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Figure 7.9: High pressure excess H2 sorption isotherms in UTSA-20 for experiment (circles with
lines) and simulation (star) at 77 (red), 87 (black), 100 (green), 125 (blue), 150 (magenta), 200
(orange), and 300 K (violet). Note, simulations at 77, 87, and 100 K were performed with
Feynman–Hibbs quantum corrections,90 while simulations at 125, 150, 200, and 300 K were
performed without such corrections. The experimental data were taken from reference 36.
These results are analogous to what was shown previously for simulations of H2 sorption in MOF-
5 using a nonpolarizable potential.12 Nonetheless, it is shown here that our polarizable force field
is also valid over a wide range of temperatures and pressures for simulations in a highly charged
and polar MOF.
We note that the simulated isotherms that are displayed at 77, 87, and 100 K in Figure
7.9 were produced with the addition of Feynman–Hibbs quantum corrections. This is because
these corrections have been shown to be important for properly simulating H2 sorption in MOFs
at low temperatures (≤ 100 K).232–234 When Feynman–Hibbs corrections were not included,
the resulting simulated high pressure excess sorption isotherms at these temperatures notably
overestimated experiment at nearly all state points considered (see ESI of ref. 227, Figure S11).
Likewise, the simulated isotherms shown for the other considered temperatures (125, 150,
200, and 300 K) in Figure 7.9 were generated without the inclusion of Feynman–Hibbs correc-
tions. This is because quantum effects are negligible for simulations of H2 sorption at higher
temperatures as demonstrated in previous studies.232–234 Indeed, simulations of H2 sorption in
UTSA-20 at 125, 150, 200, and 300 K with the addition of Feynman–Hibbs quantum corrections
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Figure 7.10: Isosteric heat of adsorption (Qst) for H2 as a function of loading in UTSA-20 for
experiment (black) and simulation (red). The experimental Qst was determined using the virial
method.108,243
produced uptakes that are comparable to those for simulations without such corrections at the
analogous temperatures (see ESI of ref. 227, Figure S12). Furthermore, the effects from including
these quantum corrections appear to be more insignificant with increasing temperature.
Isosteric Heats of Adsorption
In this work, the experimental H2 Qst for UTSA-20 was obtained by applying the virial method
108,243
on various experimental excess H2 sorption isotherms for the MOF. More details of obtaining
the experimental Qst for this sorbate are described in the ESI of ref. 227. The virial method was
considered here because it appears to be the most widely used method to obtain the experimental
H2 Qst in MOFs.
44 The generated experimental Qst plot for H2 in UTSA-20 is shown with the
GCMC-calculated H2 Qst values in Figure 7.10. It can be seen that the theoretical Qst values
are in outstanding agreement with experiment for all loadings considered.
Our GCMC simulations predict an initial H2 Qst of 7.4 kJ mol
−1 in UTSA-20, which is close to
the experimental zero-loading value for the MOF (7.1 kJ mol−1). This experimental H2 Qst value
for UTSA-20 is comparable to that for many MOFs possessing similar [Cu2(O2CR)4] clusters,
249
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such as HKUST-1 (6.0–7.0 kJ mol−1),114,180–184 PCN-61 (6.4 kJ mol−1),212 Cu-TPBTM (6.6 kJ
mol−1),102 and NTU-105 (6.6 kJ mol−1).134
Any difference in the experimental and simulated H2 Qst values can be attributed to the
difference in methodology used to extract the Qst for the respective techniques (i.e., empirical
fitting vs. fluctuation theory). Nevertheless, the nearly flat shape of both the experimental and
theoretical Qst plots suggests either one type of binding site in the MOF or multiple sorption
sites that have similar affinities for H2. It will be shown later (in section 7.5.2) that there are
two H2 sorption sites that display comparable energetics.
Radial Distribution Functions
The g(r) of the center-of-mass (COM) of H2 molecules about both chemically distinct Cu
2+ ions
of the copper paddlewheels in UTSA-20 at 77 K and 1.0 atm are presented in Figure 7.11(a).
A notable nearest-neighbor peak at 2.7 A˚ can be observed when evaluating the g(r) about the
Cu1 ions. The presence of this peak indicates that there is a sizeable quantity of H2 molecules
sorbed onto the Cu1 ions at this state point according to our GCMC simulations. This also
suggests that the optimal distance between the COM of the H2 molecules and the Cu1 ions is
2.7 A˚. This Cu2+–COM(H2) distance is comparable to the correspnding distance observed in
HKUST-1 through NPD (2.39(1) A˚)96 and ab initio studies (2.47 A˚),97 and various MOFs with
rht topology via classical GCMC simulation (ca. 2.5 A˚).24,102,143,148,248
On the other hand, analyzing the g(r) of the COM of H2 molecules about the Cu2 ions at the
same state point reveals no major peak at 2.7 A˚. This implies that sorption of H2 onto the Cu2
ions is not captured in our simulations in this MOF. This is due to the fact that the magnitude
of the calculated partial positive charge for this metal ion is lower than that for the Cu1 ion (see
Table 7.1). Because the Cu1 ions exhibit the greater partial positive charge, the H2 molecules
will prefer to sorb onto these sites over the Cu2 ions.
In general, these findings for the relative nearest-neighbor interactions about the Cu1 and
Cu2 ions are consistent with what was observed in the g(r) of CO2 carbon atoms about both
types of Cu2+ ions for the polarizable potential (see section 7.5.1, Figure 7.6(a)). Note, according
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to the g(r) results shown in Figure 7.11(a), H2 occupancy can be also observed beyond 4.0 A˚
from both chemically distinct Cu2+ ions. These peaks most likely correspond to sorption into
regions of the MOF that are dominated by repulsion/dispersion energetics.
Figure 7.11(b) shows the g(r) of the COM of H2 molecules about the Cu1 ions in UTSA-20
at 77 K and different pressures (0.01, 0.1, 0.5, 1.0, and 10.0 atm). Note, the analogous results
(a)
(b)
Figure 7.11: (a) Radial distribution function (g(r)) of the center-of-mass (COM) of H2 molecules
about the Cu1 ions (orange) and Cu2 ions (green) in UTSA-20 for simulations at 77 K and 1.0
atm. A component of the MOF highlighting the two chemically distinct Cu2+ ions (Cu1 = orange,
Cu2 = green) is shown in the inset. (b) g(r) about the Cu1 ions in UTSA-20 for simulations at
77 K and 0.01 (red), 0.10 (green), 0.50 (blue), 1.0 (violet), and 10.0 atm (cyan).
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for the g(r) about the Cu2 ions are displayed in the ESI of ref. 227 (Figure S13(b)). Evaluating
the g(r) plot at the lowest pressure considered (0.01 atm) suggests that there are a few H2
molecules sorbed onto the Cu1 ions in the MOF at low loading. For gas sorption in MOFs, the
sorbate molecules will usually sorb onto the most favorable binding sites in the material upon
initial loading, although some exceptions have been observed.196 However, the fact that there is
a limited number of H2 molecules sorbing onto the Cu1 ions at low loading suggests that there
is a H2 sorption site present in UTSA-20 that is more favorable than the open-metal sites. The
identity of this sorption site will be revealed in section 7.5.2.
Nevertheless, our simulations were still able to capture a considerable amount of H2 molecules
sorbing onto the Cu1 ions, but only at elevated pressures. Indeed, it can be observed that the
magnitude of the peak at 2.7 A˚ in the g(r) about the Cu1 ions increases at higher pressures. This
signifies that there is a greater relative occupancy of H2 molecules sorbing onto the Cu1 ions at
higher loadings. This is in stark contrast to what was observed in the case of CO2 sorption in
the MOF as our simulations suggest that there is a greater relative occupancy of CO2 molecules
about the Cu1 ions at lower loadings (see section 7.5.1, Figure 7.6(c)). The fact that the Cu1 ions
prefer CO2 over H2 at lower pressures in UTSA-20 suggest that this MOF could have potential
at separating CO2 from H2 in syngas mixtures at low loadings.
Sorption Sites
Simulated annealing calculations for a single H2 molecule in UTSA-20 revealed that the global
minimum for the sorbate does not correspond to sorption onto the open-metal sites, but rather
a region within the small pores where the H2 molecule can interact with several portions of two
adjacent BHB linkers concurrently. A molecular illustration of this simulated annealing position
is shown in Figure 7.12(a). It seems that as the H2 molecule is sorbed here, it can interact with
the components of the central aromatic ring and isophthalate group from two neighboring linkers
at the same time. In particular, the tilt of the aromatic rings with respect to each other within
the linker allows for the isophthalate groups from two adjacent linkers to form a small area that
can encompass the H2 molecule.
182
The averaged classical potential energy for H2 sorbed at the energy minimum site as deter-
mined from CMC simulations was calculated to be −6.85 kJ mol−1. This single point energy is
comparable to the magnitudes of both the experimental and simulated initial H2 Qst values for
the MOF (Figure 7.10). In addition, this value for the classical potential energy is greater than
or comparable to that for the enthalpy of adsorption for H2 sorbing onto the Cu
2+ ions of MOFs
containing copper paddlewheel units.249
As expected, sorption onto the Cu1 ions was also observed for simulations of H2 sorption in
UTSA-20. A picture of this site as captured from the Monte Carlo sorption history is shown in
Figure 7.12(b). This site corresponds to the notable peak at 2.7 A˚ observed in the g(r) of the
COM of H2 molecules about the Cu1 ions (Figure 7.11). As demonstrated in Figure 7.11(b),
sorption of H2 onto the Cu1 ions is more frequently seen in the simulations at higher loadings.
Overall, it appears that this site is slightly weaker in energetics compared to sorption within the
(a) (b)
Figure 7.12: Orthographic b-axis view of a portion of the crystal structure of UTSA-20 showing
(a) a H2 molecule (orange) sorbed within the small pores of the framework and proximal to two
BHB linkers as determined from simulated annealing and (b) a H2 molecule sorbed onto a Cu1
ion as determined from GCMC simulations. Note, different views of both sites are shown in the
ESI of ref. 227 (Figures S14 and S15). Atom colors: C = gray, H = white, O = red, Cu = tan.
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small pores and proximal to two BHB linkers in the MOF. This was confirmed through CMC
simulations, as the averaged classical potential energy for H2 sorbing onto the Cu1 ions was
calculated to be −6.60 kJ mol−1.
Note, H2 molecules were also found to sorb in the region between two BHB linkers according
to our GCMC simulations, analogous to what was observed for CO2 (see 7.5.1, Figure 7.7(b)).
However, it appears that sorption directly between these linkers is not as favorable as in the case
of CO2. This is probably because the smaller kinetic diameter of H2 (2.89 A˚) provides for a less
favorable fit for the sorbate molecule within this region. On the other hand, the size of the CO2
molecule seems to be just right for the area between the two BHB linkers.
7.6 Conclusion
A GCMC simulation study of CO2 and H2 sorption in UTSA-20, a MOF possessing open-metal
sites and small pore sizes, was presented. In contrast to most previous MOF–sorbate simulation
studies, our classical GCMC simulations include explicit many-body polarization interactions,
which had a significant impact on the observed sorption mechanism for both sorbates. Simu-
lations using polarizable potentials for both CO2 and H2 resulted in theoretical excess sorption
isotherms and Qst values that are in very good agreement with the corresponding experimental
data for the majority of state points considered. Furthermore, the incorporation of classical
polarization was necessary to reproduce sorption onto the open-metal sites in the MOF. This
was demonstrated in the case of CO2 sorption, where simulations of this sorbate were also per-
formed with two electrostatic (nonpolarizable) potentials as a comparison. It was observed that
simulations using these models did not capture a significant quantity of CO2 molecules sorbing
onto the open-metal sites.
The electrostatic environment about each side of the copper paddlewheels in UTSA-20 is
different due to the fact that there are two chemically distinct Cu2+ ions in the crystal structure
of the MOF. Indeed, one type of Cu2+ ion (Cu1) was calculated to have a much greater partial
positive charge than the other type (Cu2). It was found that the CO2 and H2 molecules were
more attracted to the metal ion that displayed the higher positive charge. In addition to sorption
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onto the Cu1 ions, the area between two BHB linkers and the region within the small pores and
proximal to two linkers were discovered as favorable sorption sites for CO2 and H2, respectively.
The binding of CO2 and H2 at these sites is comparable in energetics to that for sorption onto
the Cu1 ions for the respective sorbates.
The results from this study reinforces the notion that the presence of open-metal sites and
small pore sizes in MOFs are beneficial in the context of CO2 and H2 sorption. UTSA-20 is a MOF
that contains both of these components, which allow for the MOF to achieve high CO2 and H2
uptake capacity at low pressures. Previous studies have shown that the inclusion of nitrogen-rich
centers34,134,194 or extra-framework counterions104,250,251 are also promising strategies to increase
the affinity for CO2 and H2 in MOFs. It is expected that a variant of UTSA-20 containing amine
functionality on the linkers and/or counterions in some fashion will lead to an enhancement of
the CO2 and H2 uptake and Qst.
Moreover, it was observed that there was a greater relative occupancy of CO2 molecules
sorbing onto the Cu1 ions at lower loadings. This is in contrast to what what observed for
H2 sorption in the MOF where the Cu1 ions become more occupied at higher loadings. These
results suggest that UTSA-20 could have potential at CO2/H2 separations at low pressures. This
will likely be investigated through future experimental and theoretical studies. Lastly, although
we elucidated the CO2 and H2 sorption mechanism in UTSA-20 in this work, this MOF was
originally showcased for its exceptional CH4 sorption properties.
36 We also plan to study CH4
sorption in UTSA-20 using an accurate and transferable polarizable potential of this sorbate that
is currently being developed in our group.252
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Chapter 8
Computational Studies of CO2 Sorption and Separation in an Ultramicroporous
Metal-Organic Material
8.1 Note to Reader
This chapter contains previously published content. Reprinted with permission from J. Phys.
Chem. C, 2013, 117 (34), 17687–17698. Copyright c© (2013) American Chemical Society. (see
Appendix A)
8.2 Abstract
Grand canonical Monte Carlo (GCMC) simulations of CO2 sorption and separation were per-
formed in [Zn(pyz)2SiF6], a metal-organic material (MOM) consisting of a square grid of Zn
2+
ions coordinated to pyrazine (pyz) linkers and pillars of SiF6
2− ions. This MOM was recently
shown to have an unprecedented selectivity for CO2 over N2, CH4, and H2 under industrially
relevant conditions. The simulated CO2 sorption isotherms and calculated isosteric heat of ad-
sorption, Qst, values were in excellent agreement with the experimental data for all the state
points considered. CO2 saturation in [Zn(pyz)2SiF6] was achieved at near-ambient temperatures
and pressures lower than 1.0 atm. Moreover, the sorbed CO2 molecules were representative
of a liquid/fluid under such conditions as confirmed through calculating the isothermal com-
pressibility, βT , values. The simulated CO2 uptakes within CO2/N2 (10:90), CO2/CH4 (50:50),
and CO2/H2 (30:70) mixture compositions, characteristic of flue gas, biogas, and syngas, re-
spectively, were comparable to those that were produced in the single-component CO2 sorption
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simulations. The modeled structure at saturation revealed a loading of 1 CO2 molecule per
unit cell. The favored CO2 sorption site was identified as the attraction of the carbon atoms
of CO2 molecules to four equatorial fluorine atoms of SiF6
2− anions simultaneously, resulting in
CO2 molecules localized at the center of the channel. Furthermore, experimental studies have
shown that [Zn(pyz)2SiF6] sorbed minimal amounts of CO2 and N2 at their respective liquid
temperatures. Analysis of the crystal structure at 100 K revealed that the unit cell undergoes
a slight contraction in all dimensions and contains pyrazine rings that are mildly slanted with
an angle of 13.9◦. Additionally, molecular dynamics (MD) simulations revealed that the sorbate
molecules are anchored to the framework at low temperatures, which inhibits diffusion. Thus, it
is hypothesized that the sorbed molecules become trapped in the pores and block other sorbate
molecules from entering the MOM at low temperatures.
8.3 Introduction
CO2 is the main greenhouse gas emitted from the combustion of carbon-based fossil fuels in
automobiles and power plants.31 The vast amount of CO2 in the atmosphere renders it a consid-
erable part of the global warming threat. In spite of being a great contributor to CO2 emissions,
fossil fuels will most likely remain the dominating source of worldwide energy supply in the fu-
ture during this transition toward a more sustainable energy economy.127 In addition, CO2 is a
necessary intermediate in the production of hydrogen.253 Thus, the removal of CO2 from syngas
is required in order to purify H2. CO2 is also an impurity in biogas, and it must be separated
from this gas mixture as well. Furthermore, the capture and separation of CO2 from flue gases
is very important in this community to avoid serious global environment problems. CO2 seques-
tration requires capturing the flue streams of power plants as the fuel is being burned. Current
technologies through the use of aqueous amines are being implemented to sequester CO2.
31 How-
ever, these methods are proven to be costly and chemically inefficient. The development of more
practical, efficient, and cost-effective methods of CO2 capture and sequestration has been a great
challenge for the scientific and engineering communities.
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Metal-organic materials (MOMs) are an emerging class of porous compounds, a subset of
which offer promising applications for CO2 capture/storage and separation.
127,128 MOMs rep-
resent a group of solid crystalline materials that are built with rigid organic ligands bonded
to metal-containing clusters (also known as secondary building units or SBUs).6,46 The building
block approach opens up the possibility to create an unlimited number of MOM structures.35,45,46
MOMs of interest here have three-dimensional structures that incorporate uniform pores and a
network of channels.43 This tailorable connectivity can be used to adsorb guest species selec-
tively. Thus, MOMs have been considered one of the most promising candidates to cheaply and
efficiently store and separate large amounts of CO2.
192 MOMs offer many characteristics that
make them promising for CO2 capture and sequestration, including high thermal stability and
large accessible three-dimensional pores decorated with adjustable periodic organic and inorganic
moieties that are suitable for CO2 sorption. CO2 sorption in MOMs has attracted much atten-
tion because many important industrial applications involve CO2, such as biogas treatment, H2
production through steam reforming, and carbon capture and sequestration.45
Synthesizing MOMs for selective capture of CO2 has been a challenge taken by many exper-
imentalists.254–257 An ideal MOM for such challenges would have high selectivity toward CO2
over CH4, N2, H2, and H2O through physisorption and is capable of being stable under industri-
ally relevant conditions.257 MOMs with open-metal sites or that have amine functional groups
can interact chemically with CO2, and thus promote enhanced binding for CO2.
38,198,257 It has
been shown that MOMs that contain these functional groups exhibit a high initial isosteric
heat of adsorption toward CO2.
31,34,208,258–262 However, the presence of these groups can promote
chemisorption, leading to high energy costs for regenerating the material, and have a high affinity
toward H2O, leading to problems with stability and selectivity.
38,198,257
A class of MOMs that can be synthesized without open-metal sites or amine functional groups
are the rationally designed square-pillared MOMs; these MOMs have become successful platforms
in the world of porous materials.37,38,198,257,263–268 In this platform of MOMs, a two-dimensional
grid is created on the basis of metal ions coordinated to organic linkers; the grids are then pillared
in the third dimension to form a three-dimensional grid that contains saturated metal centers.
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A common prototype of this type of MOM is the square grids that are coordinated by linear
bifunctional linkers (e.g., 4,4-bipyridine, pyrazine) to form a structure that has a primitive cubic
(pcu) topology.37,38,257
The first reported MOM that exhibited this pcu topology was synthesized by Subramanian
and Zaworotko in 1995; it consists of a two-dimensional grid of Zn2+ ions that are coordinated to
4,4-bipyridine (bpy) linkers and are pillared with SiF6
2− anions.263 In 2000, it was demonstrated
that the Cu analogue of this MOM, [Cu(bpy)2SiF6], exhibited a high CH4 uptake capacity and
remains one of the best sorbents for methane.264 Recently, Burd et al. showed that [Cu(bpy)2SiF6]
exhibited high selectivity of CO2 toward both CH4 and N2 at 1.0 atm and 298 K.
257 Indeed,
this behavior is attributed to the favorable interactions between the CO2 molecules and the
SiF6
2− (SIFSIX) moieties.198 This MOM represents an important member of the recently reported
SIFSIX class of compounds.38 Additional members of the SIFSIX series are [Cu(dpa)2SiF6] (both
non-interpenetrated and interpenetrated versions), in which a 4,4-dipyridylacetylene (dpa)269
group was the linker, and [Zn(pyz)2SiF6], in which Zn
2+ was the metal ion and pyrazine (pyz)
was considered the linker. The latter is the MOM that is investigated hererin.
[Zn(pyz)2SiF6] (also known as SIFSIX-3-Zn
38) (Figure 8.1) was first reported by Uemura
et al. in 2009, and it was a MOM that was investigated for H2 storage.
37 It is known as an
ultramicroporous MOM37,38,257,267 because it exhibits a very narrow pore size and a small BET
surface area.219 Indeed, later experimental studies have shown that the pore size (defined as the
channel diagonal distance minus van der Waals radii) and BET surface area of this MOM were
3.84 A˚ and 250 m2 g−1, respectively.38 The pore size and surface area of the MOM are so small
that negligible uptake was achieved for sorption of N2 at 77 K and sorption of CO2 at 195 K. This
could be due to very strong intermolecular interactions that block access to the interior of the
crystal. Hence, experimentalists had difficulties in measuring the pore volume of [Zn(pyz)2SiF6]
through experimental methods. In regard to physisorption, the small pore size of [Zn(pyz)2SiF6]
suggests that size exclusion effects could come into play when considering the selectivity of CO2
over other gases.38 Note the kinetic diameters of various sorbates are the following: CO2 =
3.30 A˚, CH4 = 3.76 A˚, N2 = 3.64 A˚, H2 = 2.89 A˚.
4,270 Although the kinetic diameter of H2 is
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(a) (b)
Figure 8.1: Two perspectives of a 3 × 3 × 3 unit cell systen of [Zn(pyz)2SiF6]: (a) side view; (b)
top view. Atom colors: Zn = purple, Si = yellow, F = cyan, N = blue, C = gray, H = white.
smaller than that of CO2, it typically interacts very weakly with its environment under ambient
conditions.
Nonetheless, our groups predicted from simulation and estimation from the crystal structure
that the selectivity of CO2 vs CH4, N2, and H2 could be incredibly high in [Zn(pyz)2SiF6]. Hence,
the sorption and selectivity of CO2 in this MOM was investigated and the results were reported
in a recently published article by Nugent et al.38 Experimental CO2 sorption measurements
showed that [Zn(pyz)2SiF6] reached full saturation at approximately 0.30 atm. This was further
supported by the brief modeling studies that were reported in the paper showing a perfect fit of
1 CO2 per unit cell in the hydrophobic channels. In addition, full saturation was also achieved
at higher temperatures such as 328 and 338 K. The experimentally measured and simulated
isosteric heat of adsorption, Qst, values for [Zn(pyz)2SiF6] toward CO2 were approximately 45
kJ mol−1 across all loadings, one of the highest of the reported compounds that does not contain
open-metal sites or amine functional groups. Only the mmo net series are MOMs with such
attributes that have higher initial CO2 Qst values.
200
In this paper, we report a follow-up to the computational aspects that were investigated in
[Zn(pyz)2SiF6] as reported in the recently published article.
38 [Zn(pyz)2SiF6] was chosen for com-
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putational studies due to its ultramicroporous nature, thus making it convenient for modeling;
this contributes to the MOMs quick saturation of CO2 at room temperature, high Qst values,
and high selectivity for CO2. Indeed, [Zn(pyz)2SiF6] was shown to have the highest initial CO2
Qst value and selectivity for CO2 out of all members within the SIFSIX series. An in-depth ex-
planation to the electronic structure calculations and the grand canonical Monte Carlo (GCMC)
simulation methods for the modeling of [Zn(pyz)2SiF6] is provided. Calculated sorption isotherms
and isosteric heats of adsorption for CO2 are also presented for this MOM. The isothermal com-
pressibility is another thermodynamic observable that was monitored for CO2 in order to obtain
a quantitative measurement of the physical state of the sorbate.2,12,24 In addition, we propose
a mechanism for the observed negligible uptake for N2 at 77 K
198 and CO2 at 195 K
267 in this
MOM using the methods of both GCMC and molecular dynamics (MD). In contrast to exper-
imental measurements, computer simulations allow one to investigate N2 and CO2 sorption at
their respective liquid temperatures with easeachieving equilibrium without limitations due to
transport and associated kinetic phenomena. Futhermore, a simulated N2 sorption isotherm at
77 K was generated and used to calculate the pore volume of [Zn(pyz)2SiF6]; this was compared
with another value that was obtained theoretically from a van der Waals estimate via the crystal
structure. The calculated values were found to be in excellent agreement with each other. Given
the accuracy of the theoretical isotherms at higher temperatures, this value appears to be a
reliable estimate. Note, in previous studies on this compound,37,38,267 a pore volume was not
reported.
Lastly, the remarkably high selective uptake of CO2 over gases such as N2, CH4, and H2 in
[Zn(pyz)2SiF6] was modeled and attributed to a combination of electrostatics, thermodynamics,
and size exclusion.38 For example, a CO2/N2 selectivity as high as 1800 at 298 K and 1.0 atm was
reported for [Zn(pyz)2SiF6] in previous experimental studies, the highest of any known compound
to date under these conditions.38 This was determined through ideal adsorbed solution theory
(IAST) calculations,91,271 column breakthrough experiments, and gravimetric-densimetric gas
analysis (GDGA) experiments.38 Moreover, the experimental CO2 uptakes that were measured
within 10:90 CO2/N2, 50:50 CO2/CH4, and 30:70 CO2/H2 mixtures, representing the composition
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of flue gas, biogas, and syngas, respectively, were nearly identical to those that were produced
for the pure CO2 sorption isotherm in this compound. Indeed, [Zn(pyz)2SiF6] sorbed minimal
amounts of N2, CH4, and H2 in these mixtures. In this work, we simulated the same mixture
compositions in [Zn(pyz)2SiF6] and observed similar findings.
8.4 Methods
8.4.1 Force Field Parameters
Force fields play a critical role in molecular simulations, and they must be determined for the
various atoms in [Zn(pyz)2SiF6] in order to model it efficiently. The force field parameters include
repulsion/dispersion parameters, atomic point partial charges, and atomic point polarizabilities.
For the MOM atoms, the Lennard-Jones parameters, representing van der Waals interactions
between sorbate molecules and the MOM atoms, were taken from known force fields. The param-
eters for the C, H, and N atoms were taken from the optimized potentials for liquid simulations-all
atom (OPLS-AA) force field (especially important when aromatic atoms are present).10 For Zn,
Si, and F, the parameters were taken from the universal force field (UFF).9
The atomic point partial charges for a number of chemically distinct atoms (Figure 8.2) in
[Zn(pyz)2SiF6] were modeled using point charges that were fit to the potential surface of gas
phase fragments; this is a common method used to determine atomic point charges.2,12,13,24,102
Note, it was shown that periodic fitting of the entire crystal structure was a straightforward and
appealing method to obtain partial charges;13,73,74 however, the presence of buried atoms in the
individual unit cell of the MOM makes the charge fitting procedure rather difficult to obtain
sensible partial charges. Thus, the point charges were determined from electronic structure
calculations on several fragment compounds large enough to mimic the environment of the MOM.
The NWChem ab initio simulation package11 was used to perform the Hartree-Fock quantum
mechanical calculations. All light atoms in [Zn(pyz)2SiF6] were treated at the 6-31G* level that
produces overpolarized charges useful for condensed phase simulations.2,12,13,24,102 For Zn2+, a
many-electron metal species, the semirelativistic pseudopotential LANL2DZ14–16 was used. For
193
Figure 8.2: Chemically distinct atoms in [Zn(pyz)2SiF6]. Atom colors: Zn = purple, Si = yellow,
F = cyan, N = blue, C = gray, H = white.
the purposes of charge fitting, fragments of the MOM were selected in a variety of ways to assess
the effects of structural truncation on the fit charges. The addition of hydrogen atoms, where
appropriate, was required for chemical termination of the fragment boundaries.
The atomic point polarizabilities for the atoms in [Zn(pyz)2SiF6] were taken from van Duijnen
et al.,20 a carefully parametrized set that had been proven to be transferable.2,12,13,24,102 For Zn
and Si, species that were not included in the set, the polarizability tensor of a small gas phase
fragment containing that species was calculated using restricted Hartree-Fock methods with
the aug-cc-pVDZ basis set using the Q-Chem package.21 The polarizability for that species was
determined by fitting the molecular polarizability tensor to the Hartree-Fock polarizability tensor
form. Polarization was explicitly included in the simulations by use of a Thole-Applequist type
model; details of this model can be found elsewhere.2,17–20,24
More details of the electronic structure calculations, many-body polarization, and a table
that list all of the final parameters for each atom of the MOM are provided in the Supporting
Information of ref 141.
8.4.2 Sorbate Models
Highly accurate and transferable potentials of CO2 have been developed for condensed phase
simulation: one that includes the charge-quadrupole term (nonpolar potential) and one that
includes the charge-quadrupole term in addition to the many-body polarization terms (polar
potential). Both of these interactions have been shown to be important in modeling dense
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H2 interacting with charged/polar MOMs.
2,12,13,24,102 The same type of interactions are also
important in modeling dense CO2 in the same heterogeneous media. Thus, single-component CO2
sorption in [Zn(pyz)2SiF6] was simulated using the aforementioned nonpolar and polar potentials
of CO2; they are denoted CO2-PHAST and CO2*-PHAST, respectively, where PHAST stands
for Potentials with High Accuracy, Speed, and Transferability and * signifies the inclusion of
explicit polarization that can be especially relevant in modeling the significant partially charged
CO2 molecule. More details of the CO2 models used in this study are described in the Supporting
Information of ref 141.
Note, although there are polar equatorial fluorine atoms in [Zn(pyz)2SiF6], it will be shown
that many-body polarization interactions are relatively small for gas sorption in this compound.
This can be attributed to the presence of extremely narrow pore sizes in the MOM, as the 3.84
A˚ wide channels cause van der Waals interactions to dominate when the MOM atoms interact
with the sorbate molecules in a confined space. Further, polarization is also somewhat canceled
as a result of the highly symmetrical environment provided by the equatorial fluorine atoms. As
a result, the CO2-PHAST and CO2*-PHAST models produce nearly identical results for CO2
sorption in [Zn(pyz)2SiF6].
For binary mixture simulations of CO2/N2, CO2/CH4, and CO2/H2 in [Zn(pyz)2SiF6], nonpo-
lar potentials of N2, CH4, and H2, respectively, were used in conjunction with the CO2-PHAST
model. The N2 and H2 models used in this work, referred to as N2-PHAST and Belof Stern
Space (BSS),23 respectively, are five-site charge-quadrupole models that were developed in our
group using a sorbate potential fitting procedure as described previously.23,66 CH4 was modeled
using a nine-site charge-quadrupole model (referred to as ME-PHAST) and was also developed
using a similar procedure. The parameters for the sorbate models used in this work can be found
in the Supporting Information of ref 141.
8.4.3 Grand Canonical Monte Carlo
In order to model gas sorption and separation in [Zn(pyz)2SiF6], the unit cell had to be large
enough to sample at least one molecule. The individual unit cell for [Zn(pyz)2SiF6] was too
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small to perform such a simulation; thus, it had to be extended to a 3 × 3 × 3 unit cell system,
as shown in Figure 8.1. GCMC simulations were performed on the MOM-sorbate system over
a wide range of temperatures and pressures that were considered experimentally with periodic
boundary conditions applied. A spherical cutoff distance of 11.41 A˚ was used, which corresponds
to half the shortest system cell dimension length. GCMC simulation and many-body polarization
were implemented using the Massively Parallel Monte Carlo (MPMC) code,29 an in-house code
that is used in our research group (available on Google Code).
The potential energy function for the total system, MOM and sorbate, is described by
U = Urd + Ues + Upol (8.1)
where Urd is the repulsion/dispersion energy through use of the Lennard-Jones potential, Ues
is the electrostatic potential energy calculated from the Ewald field,73,85,88 and Upol is the many-
body polarization energy, which is defined in the Supporting Information of ref 141. Upol is equal
to zero for simulations that do not include explicit polarization interactions. Furthermore, long-
range corrections were applied to all terms of the potential energy due to the finite size of the
simulation cell. The long-range contribution to the Lennard-Jones potential was implemented
using a previously reported procedure.103 Long-range electrostatic interactions were handled
by performing full Ewald summation, while long-range polarization was implemented using the
shifted-field formula according to Wolf et.al.86
The main observable of interest that is calculated from a GCMC simulation is the average
number of sorbate molecules sorbed, 〈N〉.12,24,102 This is calculated by sampling of the grand
canonical ensemble over a range of chemical potentials corresponding to the equilibrium pressure
of the reservoir. The following statistical mechanical expression was numerically calculated using
GCMC:27,28
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〈N〉 = 1
Ξ
∞∑
N=0
eβµN
{
3N∏
i=1
∫ ∞
−∞
dxi
}
Ne−βU(x1,...x3N ) (8.2)
where Ξ is the grand canonical partition function, β represents the quantity 1/kT (T is the
temperature, and k is the Boltzmann constant), and µ represents the chemical potential of the gas
reservoir. The chemical potential for CO2 was determined for a range of temperatures through
the Peng-Robinson equation of state.229 All binary mixture simulations utilized van der Waals
and electrostatic interactions and were performed in the ideal gas limit where the fugacities were
equal to the partial pressures.
GCMC methods were also used to calculate the isosteric heats of adsorption, Qst, for CO2 in
[Zn(pyz)2SiF6]. The experimentalQst is determined by numerical analysis of two or more sorption
isotherms performed at different temperatures.12,24 The isotherm data are then processed via
curve-fitting, and the Qst is determined over a range of densities through a finite-difference
approximation to the Clausius-Clapeyron equation. In GCMC, the Qst is calculated through
the fluctuations of the number of sorbed molecules and the potential energy by the following
expression:54
Qst = −〈NU〉 − 〈N〉〈U〉〈N2〉 − 〈N〉2 + kT (8.3)
where 〈 〉 indicates the ensemble average. In addition, the isothermal compressibility, βT , is
calculated via fluctuations of the number of molecules sorbed in the grand canonical ensemble
through the use of the statistical mechanical relation:12,24,54
βT =
V
kT
〈N2〉 − 〈N〉2
〈N〉2 (8.4)
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The statistical mechanical equations for Qst (eq 8.3) and βT (eq 8.4) have been implemented
into the MPMC code to calculate the quantities during the simulations. For each state point,
GCMC simulation consisted of 1.0 × 106 Monte Carlo steps to guarantee equilibration followed
by another 2.0 × 106 steps to produce 200 uncorrelated equilibrium configurations and to ensure
reasonable averages for the number of sorbed molecules, the Qst values, and the βT values.
8.4.4 Calculating Pore Volume
Experimentalists typically calculate the pore volume of MOMs from the N2 sorption isotherm at
77 K and using the de Boer t-plot method.272–274 The t-plot method involves plotting a t value
(related to the pore size of the MOM) versus the amount of gas sorbed (in mol/g) at pressure
P. The amount of gas sorbed can be obtained from the experimental isotherm. For N2 at 77 K,
the t value can be calculated via the following equation:
t = 6.053
{
1
ln(P0
P
)
} 1
3
(8.5)
where P0 is the saturated pressure of the adsorptive. To calculate the pore volume, the
Gurvich rule275–278 is used, which has the following relation:
Vpore = NaVL (8.6)
where Na is the maximum amount sorbed and VL is the molar volume of the sorbate at a
specified temperature. The Na value is the y-intercept of the plot of the t value versus the
amount of gas sorbed. The molar volume of N2 at 77 K has a value of 34.7 cm
3 mol−1.109,279
Note, in experimental studies, [Zn(pyz)2SiF6] sorbs negligible amounts of N2 at 77 K, which
could possibly be attributed to contraction of the unit cell at cold temperatures,267 and/or the
sorbed N2 molecules blocking the pores for incoming sorbate molecules. In this work, the pore
volume of [Zn(pyz)2SiF6] was calculated using the PLATON software,
280,281 and a value of 0.188
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cm3 g−1 was obtained. Furthermore, in contrast to experimental measurements, simulations of
N2 sorption can be performed in [Zn(pyz)2SiF6] at 77 K with simplicity due to the feasibility of
modeling. In particular, GCMC excludes various dynamic effects of the sorption environment
and involves the random insertion and deletion of molecules. N2 sorption measurements can be
mimicked by computer simulation to obtain the pore volume of a MOM.45 Thus, N2 sorption
was simulated at 77 K in [Zn(pyz)2SiF6] using GCMC methods at various state points to obtain
a full sorption isotherm. Afterward, eqs 8.5 and 8.6 were applied to the simulated N2 sorption
isotherm to calculate the pore volume of the MOM. The simulation predicts that the N2 uptake
is 5.44 mmol g−1 across all considered relative pressures. Examination of the modeled structure
at this loading shows two N2 molecules sorbed per unit cell (see the Supporting Information of
ref 141). Calculation of the pore volume via the simulated N2 sorption isotherm at 77 K yielded
a value of 0.189 cm3 g−1, which is in outstanding agreement with what was calculated using
PLATON that estimates the pore volume based on the sterics of the crystal structure.280,281
The simulated N2 sorption isotherm at 77 K in [Zn(pyz)2SiF6] can be found in the Supporting
Information of ref 141.
8.5 Results and Discussion
The CO2 sorption isotherms produced from GCMC simulations in [Zn(pyz)2SiF6] at 298 and
273 K are compared to the corresponding experimental data for pressures up to 1.0 atm in
Figure 8.3(a). The CO2-PHAST and CO2*-PHAST models, both including van der Waals and
permanent electrostatic interaction terms, with the latter adding explicit induction, produced
results in good agreement with experiment at the two temperatures. The differences in the
uptakes between the two CO2 models were negligible in this MOM across all pressures at both
temperatures. Furthermore, the differences in the simulated sorption results between the two
temperatures were also minute, as in the case of the experimental isotherms. The experimen-
tal CO2 sorption isotherms at higher temperatures in [Zn(pyz)2SiF6] were also similar to the
isotherms at 298 and 273 K.38 This was also verified through the simulation studies, as the
simulated CO2 sorption results at these temperatures show the same trend (see the Supporting
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Information of ref 141). The CO2 uptakes produced by the two models reached saturation in the
MOM at pressures lower than 0.30 atm at both temperatures, which is consistent to what was
seen experimentally. CO2 saturation in [Zn(pyz)2SiF6] corresponds to 1 CO2 molecule per unit
cell. Indeed, the CO2 uptake in this compound does not surpass 2.72 mmol g
−1, which explains
why the experimental and simulated CO2 sorption isotherms are nearly equivalent from 273 to
338 K. Experimental studies have shown that the CO2 uptakes remain at the same saturation
level at pressures up to 25.0 atm. This phenomenon was captured in the simulations as well,
since the CO2 uptakes cannot exceed the 1 CO2 molecule per unit cell mark. It should be noted
that all measured experimental CO2 sorption isotherms in [Zn(pyz)2SiF6] at 273 K and higher
are completely reversible. This is in contrast to what was observed at 195 K, which is explained
later.
Simulated Qst values were also compared to those that were obtained experimentally using
a numerical approximation to the Clausius-Clapeyron equation.170 Figure 8.3(b) shows the Qst
for CO2 in [Zn(pyz)2SiF6] for the CO2-PHAST and CO2*-PHAST models compared to the
experimental Qst values for uptakes up until the saturation point. Owing to the difficulty of
obtaining low loading data in a GCMC (µVT) simulation, which is a direct consequence of MOMs
high affinity for CO2, additional simulations were performed using canonical Monte Carlo (CMC,
(NVT)) methods. As the canonical ensemble constrains the particle number to be constant rather
than the chemical potential, µ, the Qst values were taken from the total energy of interaction with
the MOM divided by the number of sorbate molecules rather than fluctuations in the particle
number and potential energy, an appropriate comparison under these conditions.2 The resultant
values were in quantitative agreement with experiment and GCMC simulation. The Qst values
that were produced from experiment and simulation show a linear trend of ca. 45 kJ mol−1
across all loadings. This is consistent with the saturation of the favored sorption sites in the
compound. Note, the Qst values for the nonpolar model are only slightly lower than those that
were produced for the polarizable model. It is important to mention that the high CO2 Qst value
for [Zn(pyz)2SiF6] does not affect the adsorption-desorption process for CO2 in the material
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at ambient temperatures. As such, this value lies in the sweet spot favorable for efficient and
reversible adsorption-desorption.38
The GCMC-calculated βT values are shown in Figure 8.4 for the CO2-PHAST and CO2*-
PHAST models at 298 and 273 K in [Zn(pyz)2SiF6]. For bulk CO2, the liquid βT value is 1.45
× 10−4 atm−1 at 300 K and 500 atm; this was calculated using the density of CO2 at this
(a)
(b)
Figure 8.3: (a) Low-pressure (up to 1.0 atm) CO2 sorption isotherms in [Zn(pyz)2SiF6] at 298
K (solid) and 273 K (dashed). (b) Isosteric heats of adsorption, Qst, for CO2 at 298 K plotted
against CO2 uptakes corresponding to pressures between 0 and 1.0 atm in [Zn(pyz)2SiF6] for
experiment (black), CO2-PHAST model (green), and CO2*-PHAST model (red). The dashed
line represents the CO2 uptake corresponding to CO2 saturation (1 CO2 molecule per unit cell).
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Figure 8.4: Isothermal compressibility, βT , of CO2 in [Zn(pyz)2SiF6] at 298 K (solid color) and
273 K (dashed color) for the CO2-PHAST (green) and CO2*-PHAST (red) models compared to
the experimental βT values of bulk CO2 at 300 K and 500 atm (dashed black).
state point and an equation that relates βT to the speed of sound.
282 It can be seen that the
sorbed CO2 molecules in [Zn(pyz)2SiF6] are representative of a liquid at approximately 0.15-0.20
atm at 298 K. This is true for both CO2 models. At 273 K, the CO2 molecules become liquid
at approximately 0.05 atm. Thus, while CO2 is in the gaseous state under bulk conditions at
these temperatures and pressures below 1.0 atm, the highly constricted environment of the MOM
causes the sorbate molecules to exhibit a compressibility reminiscent of a dense fluid at extremely
low pressures, albeit an unusual solid-fluid mixture.
The radial distribution functions, g(r), about the SiF6
2− silicon atoms in [Zn(pyz)2SiF6] for
the CO2-PHAST and CO2*-PHAST models revealed a bimodal distribution of CO2 molecules at
298 K and 1.0 atm (Figure 8.5). The two nearest-neighbor peaks range from 4.0 to 5.0 A˚ and 5.0
to 6.0 A˚, respectively. A similar CO2 occupancy was seen for both CO2 models. Note, this CO2
molecule distribution in [Zn(pyz)2SiF6] can be seen at all other temperatures and pressures. As
the diagonal Si-to-Si distance across the square corridors is 10.1 A˚, both peaks can be attributed
to sorption onto the equatorial fluorine atoms with a distance of approximately 4.4 A˚ from the
nearest silicon atom. Visual inspection of the modeled system cell confirms this hypothesis, as
demonstrated below.
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Figure 8.5: Radial distribution functions, g(r), of CO2 molecules about the Si atoms in
[Zn(pyz)2SiF6] at 298 K and 1.0 atm for the CO2-PHAST model (green) and the CO2*-PHAST
model (red).
Examination of the modeled system cell at saturation revealed that there is indeed 1 CO2
molecule per unit cell loading in [Zn(pyz)2SiF6] (Figure 8.6). The favored sorption site for CO2
was discovered as the attraction of the electropositive carbon atoms of the CO2 molecules to four
equatorial fluorine atoms simultaneously, resulting in the sorbate molecules localized in the center
of the channel. This is the sorption site for all CO2 molecules that are sorbed in this compound,
which explains why the Qst is relatively constant across all loadings. In addition, the repulsive
interactions between the electronegative oxygen and fluorine atoms cause the sorbate molecules
to align parallel to the SiF6
2− pillars. As a result, all CO2 molecules are oriented vertically
with respect to the square channels when they are loaded in the MOM. The combination of
the unfavorable oxygen-fluorine interactions and the small 3.84 A˚ channels restricts the CO2
molecules from aligning horizontally in the channel. This is in contrast to what was observed
in [Cu(dpa)2SiF6-i], which exhibits a pore size of 5.15 A˚. In this compound, there is enough
space in the channels of the MOM to allow the CO2 molecules to orient both vertically and
horizontally.140
Figure 8.7 shows the CO2 uptakes produced from GCMC binary mixture simulations of
10:90 CO2/N2, 50:50 CO2/CH4, and 30:70 CO2/H2 mixtures in [Zn(pyz)2SiF6]. These mixture
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(a) (b)
Figure 8.6: (a) The side view and (b) top view of the modeled 3 × 3 × 3 unit cell system of
[Zn(pyz)2SiF6] at CO2 saturation, which corresponds to 1 CO2 molecule per unit cell. Note the
terminal pyrazine units were removed for clarity. MOM atom colors: Zn = purple, Si = yellow,
F = cyan, N = blue, C = gray, H = white. CO2 molecule atom colors: C = gray, O = red.
compositions are representative of flue gas, biogas, and syngas, respectively. In the 10:90 CO2/N2
mixture, the CO2 uptake, as expected, undersorbs the uptakes that were produced from the
experimental and simulated pure CO2 sorption isotherms at low pressures; this undersorption
can be explained by the fact that the material sorbed as much CO2 as it could given that
the relative concentration of CO2 in the reservoir at each state point is 10%. However, at
pressures approaching 1.0 atm, the CO2 uptakes within this mixture come into agreement with
the experimental and simulated pure component values. The CO2 uptakes within the 50:50
CO2/CH4 and 30:70 CO2/H2 mixtures are in outstanding agreement with those produced for
the experimental and simulated pure component isotherms, especially at low loading. The slight
undersorption compared to the simulated pure component isotherm at low pressures can be
explained by the saturation of CO2 within the reservoir for both mixtures. In essence, all CO2
sorption isotherms come into agreement with each other as the uptakes approach CO2 saturation
in the compound. Overall, these results demonstrate the high selectivity of CO2 over other gases
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Figure 8.7: Low pressure (up to 1.0 atm) CO2 sorption isotherms at 298 K in [Zn(pyz)2SiF6]
for experimental single-component CO2 (black), single-component simulation of CO2 (green),
binary mixture simulation of 10:90 CO2/N2 mixture (blue), binary mixture simulation of 50:50
CO2/CH4 mixture (red), and binary mixture simulation of 30:70 CO2/H2 mixture (orange). The
unit of wt % used here is defined as [(mass of CO2)/(mass of MOM +
∑
(mass of all sorbates))]
× 100%
in this compound. Note the N2, CH4, and H2 uptakes within these mixtures are extremely low
and are therefore not shown.
Experimental gas sorption studies in [Zn(pyz)2SiF6] showed that the MOM achieved only
moderate CO2 uptake at 195 K. The CO2 uptake in this compound at this temperature was
roughly 0.5 CO2 molecules per unit cell. Thus, there is higher CO2 uptake in [Zn(pyz)2SiF6]
at higher temperatures, such as 298 K, compared to 195 K. All other MOMs exhibit the oppo-
site trend for CO2 sorption; that is, more CO2 molecules are sorbed at 195 K than at 298 K,
as suggested by obvious thermodynamic considerations. GCMC simulations were not able to
capture this behavior for CO2 sorption at 195 K. Kanoo et al. attempted to explain this intrigu-
ing phenomenon through Raman spectroscopy and theoretical studies.267 The authors suggested
that the pyrazine linkers of the MOM tilts at a 17.6◦ angle with respect to the channel at low
temperatures, thus making the pores smaller.
The discovery of the effects on the crystal structure of [Zn(pyz)2SiF6] at low temperatures
by Kanoo et al. was verified by examining the crystallographic structure of the compound at
100 K. At this temperature, it was revealed that the MOM undergoes a slight contraction of
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Figure 8.8: The simulated CO2 sorption isotherm at 195 K in the 100 K crystal structure
of [Zn(pyz)2SiF6]. The calculated CO2 uptake is 2.72 mmol g
−1 across all considered relative
pressures. The dashed line represents the CO2 uptake corresponding to CO2 saturation (1 CO2
molecule per unit cell).
approximately 0.025 A˚ in the a and b dimensions and 0.03 A˚ in the c dimensions (see the
Supporting Information of ref 141). Note, the lattice parameters for the room temperature
crystal structure of [Zn(pyz)2SiF6] are: a = b = 7.1409 A˚, c = 7.6068 A˚. Moreover, the pyrazine
rings are slanted at a 13.9◦ angle with respect to the Zn-Si plane. However, this linker alignment
only causes the pores to become slightly constricted. Indeed, the pore size of [Zn(pyz)2SiF6] at
low temperatures is 3.79 A˚, which is only 0.05 A˚ less than the pore size of the MOM at room
temperature. As such, there should still be room to fit an entire CO2 molecule in the square
channels of the MOM (recall that the kinetic diameter of CO2 is 3.30 A˚).
To confirm this, GCMC simulations of CO2 sorption in [Zn(pyz)2SiF6] were performed in the
cold temperature system cell at 195 K. Note the crystal structure of [Zn(pyz)2SiF6] used for the
simulations described above was characterized at near-ambient temperature. The simulations
revealed that the CO2 uptake at 195 K was characteristic of 1 CO2 per unit cell in this tilted
structure across all loadings (Figure 8.8). Thus, the experimentally observed CO2 uptake at 195
K in this compound was not replicated. Hence, the combination of the slight unit cell contraction
and the mild slant of the pyrazine ring for [Zn(pyz)2SiF6] at cold temperatures apparently cannot
be the main reason why the sorbate uptake is hindered in this compound at low temperatures.
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Experimental N2 sorption measurements were also performed in [Zn(pyz)2SiF6] at 77 K, and
the decreased uptake was much more dramatic. Only negligible amounts of N2 were sorbed in the
MOM at 77 K. Note, similar findings for N2 sorption in MOMs at 77 K have been demonstrated
in previous work.283–290 In contrast, the simulated N2 sorption isotherm in [Zn(pyz)2SiF6] at 77
K showed that the N2 uptakes are saturated with an uptake corresponding to 2 N2 molecules
per unit cell. This is because GCMC excludes certain kinetic and dynamical effects in sorption,
as it involves the random insertion and deletion of sorbate molecules. The pore volume that
was extrapolated from these results matched the pore volume that was calculated using the
PLATON software280,281 (see the Calculating Pore Volume subsection in the Methods section).
Examination of the simulation cell at saturation showed a sorption site that is similar to the
favored CO2 sorption site. In addition, a second sorption site was revealed as the loading of the
sorbate molecule perpendicular to the channel, where the sorbate coordinates to those molecules
that are sorbed to the equatorial fluorine atoms. The simulated N2 sorption isotherms and the
modeled structure at N2 saturation in [Zn(pyz)2SiF6] can be found in the Supporting Information
of ref 141.
In order to gain insights into the phenomenon that occurs in [Zn(pyz)2SiF6] at low tem-
peratures in which ostensible full loading was prevented, a series of molecular dynamics (MD)
simulations at both hot and cold temperatures were performed for CO2 sorption in the MOM.
The simulations were also performed in both the room temperature and 100 K crystal structures
of the MOM. The MD trajectories revealed that the CO2 molecules display some mobility in
the compound at 298 K for simulation in the room temperature crystal structure. Overall, the
diffusion of gas molecules in this MOM is very low, even at near-ambient temperatures, which
can be explained by the sorbate molecules interacting strongly with the framework in a confined
space. When considering the movement of CO2 molecules at 298 K in the cold temperature
crystal structure of [Zn(pyz)2SiF6], the trajectories revealed that the sorbate molecules travel
slower in this slightly tilted structure. Thus, the mild slant of the pyrazine rings provides a small
partial block for incoming sorbate molecules. Although the pore size of [Zn(pyz)2SiF6] is slightly
smaller as a result of this tilt, it is not small enough to provide complete blockage of the sorbate
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molecules into the MOM. It can be seen that the CO2 molecules can still travel through the
channels in this MOM in the 100 K crystal structure for the simulations at room temperature.
At 195 K, the diffusion of CO2 in [Zn(pyz)2SiF6] was much less than those that were observed
at 298 K. This is true regardless of the crystal structure that was used, although simulations in
the low temperature crystal structure show lower diffusion. Limited mobility for CO2 molecules
was observed in the MOM at this temperature, even in the hot temperature crystal structure.
The trajectories show that the CO2 molecules are nearly trapped in the pores of the MOM as they
are sorbed into the structure. The interactions between the CO2 molecules and the equatorial
fluorine atoms become stronger at lower temperatures, thus causing the CO2 molecules to travel
through the channels at a slower rate. Hence, it is hypothesized that, at 195 K, only a limited
number of CO2 molecules get sorbed into the MOM because the strong coordination between
the CO2 molecules and the framework at this temperature restricts additional sorbates from
finding open sites. Indeed, diffusion in this MOM is clearly slow and cooperative. Moreover, it
can be seen that any CO2 molecules that are sorbed by the MOM are essentially frozen within
the channels at 195 K and cannot be removed. This is indicated by the noticeable hysteresis in
the desorption process in the experimental CO2 sorption isotherm at 195 K (see the Supporting
Information of ref 141). The MD trajectory files for CO2 at 298 and 195 K in both crystal
structures of [Zn(pyz)2SiF6] are provided in a compressed folder for this manuscript. Note, it
would be desirable to calculate diffusion constants for the motion of the sorbates. However, the
slow nature of the transport prevents sufficient statistical analysis, and thus, only a qualitiative
analysis is presented.
8.6 Conclusions
In conclusion, detailed computational insights into the mechanism of CO2 sorption and separa-
tion in [Zn(pyz)2SiF6] were presented. The simulations revealed a very tight packing of 1 CO2
molecule per unit cell in the MOM at ambient temperatures. The experimental Qst for CO2 in
[Zn(pyz)2SiF6] was 45 kJmol
−1 across all loadings,38 and this was verified from the simulation
studies that were performed herein. This is consistent with the 1 molecule per unit cell pack-
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ing. In addition, the simulated CO2 uptakes within 10:90 CO2/N2, 50:50 CO2/CH4, and 30:70
CO2/H2 mixtures in the MOM were in good agreement with the uptakes that were produced
from simulations using a pure CO2 compositionsomething that is only possible because the MOM
is highly selective for CO2.
In addition to the CO2 sorption simulation studies at ambient temperatures, insights into the
intriguing sorption phenomenon that occur in [Zn(pyz)2SiF6] at low temperatures were obtained.
Single X-ray crystal structure analysis of [Zn(pyz)2SiF6] at cold temperatures revealed that the
MOM undergoes a slight contraction and contains pyrazine rings that are tilted by 13.9◦ with
respect to the Zn-Si plane. As determined from the MD simulations, this small change in
the crystal structure is partly responsible for hindering gas sorption at lower temperatures.
For instance, the diffusion of CO2 in [Zn(pyz)2SiF6] is slower in the cold temperature crystal
structure compared to the room temperature crystal structure. However, as observed from the
MD trajectories, the main reason why the gas uptake in the MOM is reduced at low temperatures
is because the interaction between the sorbate and the framework is too strong to be overcome by
thermal motion at lower temperatures, thus causing the sorbate molecules to block the channels
for incoming sorbate molecules. This was confirmed by full loadings that were obtained through
equilibrium GCMC simulations where material transport is not an issue. This was observed for
the simulations in both crystal structures of the MOM at the low temperatures.
In future work, it is planned to study a related platform of MOMs to the SIFSIX series,
specifically the mmo net series.200 These MOMs are constructed with six-connected saturated
metal centers (SMCs) that are coordinated to linear organic ligands and are pillared with angular
MO4
2− groups (M = Cr, Mo). Like the SIFSIX series, these compounds are water stable and
exhibit high selectivity for CO2. Although the CO2 selectivities in these materials do not compete
with those in the SIFSIX group, especially [Zn(pyz)2SiF6], these MOMs contain the highest initial
Qst for CO2 than any other material that does not contain open-metal sites or amine functional
groups.
[Zn(pyz)2SiF6] is an extraordinary porous material that exhibits high selectivity of CO2 over
other gases, such as N2, CH4, and H2, even in the presence of moistureits hydrophobic character
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makes it a practically important candidate material. Experimental studies have shown that
the compound sorbs 11 wt % water at 74% relative humidity,38 which is very low compared
to most other materials that contain open-metal sites.291,292 Furthermore, experimental studies
have shown that [Zn(pyz)2SiF6] can exhibit thermal stability up to 523 K. Additionally, high
regeneration of material and recyclability of CO2 sorption and separation in [Zn(pyz)2SiF6] was
demonstrated through experimental measurements. Overall, [Zn(pyz)2SiF6] is a very promising
material for relevant applications of CO2 separation from flue gas, biogas, and syngas, and
should therefore be industrialized for these processes. Indeed, the low-loading Qst value for
[Zn(pyz)2SiF6] is comparable to those that were determined for the current industrial sorbent
zeolite 13X.293 Although the CO2 uptake at 298 K and 1.0 atm in zeolite 13X surpasses that of
[Zn(pyz)2SiF6] (5.00 mmol g
−1 vs 2.54 mmol g−1), the selectivity of CO2 over other gases for the
latter is much greater than that of the former. In general, high selectivity for CO2 is especially
important for industrial applications in gas separations.
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Chapter 9
Theoretical Investigations of CO2 and H2 Sorption in an Interpenetrated
Square-Pillared Metal-Organic Material
9.1 Note to Reader
This chapter contains previously published content. Reprinted with permission from J. Phys.
Chem. C, 2013, 117 (19), 9970–9982. Copyright c© (2013) American Chemical Society. (see
Appendix A)
9.2 Abstract
Simulations of CO2 and H2 sorption and separation were performed in [Cu(dpa)2SiF6-i], a metal–
organic material (MOM) consisting of an interpenetrated square grid of Cu2+ ions coordinated
to 4,4-dipyridylacetylene (dpa) rings and pillars of SiF6
2− ions. This class of water stable MOMs
shows great promise in practical gas sorption/separation with especially high selectivity for CO2
and variable selectivity for other energy related gases. Simulated CO2 sorption isotherms and
isosteric heats of adsorption, Qst, at ambient temperatures were in excellent agreement with the
experimental measurements at all pressures considered. Further, it was observed that the Qst for
CO2 increases as a function of uptake in [Cu(dpa)2SiF6-i]. This suggests that nascently sorbed
CO2 molecules within a channel contribute to a more energetically favorable site for additional
CO2 molecules, i.e., in stark contrast to typical behavior, sorbate intermolecular interactions
enhance sorption energetics with increased loading. The simulated structure at CO2 satura-
tion shows a loading with tight packing of 8 CO2 molecules per unit cell. The CO2 molecules
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can be seen alternating between a vertical and horizontal alignment within a channel, with
each CO2 molecule coordinating to an equatorial fluorine MOM atom. Calculated H2 sorption
isotherms and Qst values were also in good agreement with the experimental measurements in
[Cu(dpa)2SiF6-i]. H2 saturation corresponds to 10 H2 molecules per unit cell for the studied struc-
ture. Moreover, there were two observed binding sites for hydrogen sorption in [Cu(dpa)2SiF6-i].
Simulations of a 30:70 CO2/H2 mixture, typical of syngas, in [Cu(dpa)2SiF6-i] showed that the
MOM exhibited a high uptake and selectivity for CO2. In addition, it was observed that the
presence of H2O had a negligible effect on the CO2 uptake and selectivity in [Cu(dpa)2SiF6-i], as
simulations of a mixture containing CO2, H2, and small amounts of CO, N2, and H2O produced
comparable results to the binary mixture simulations.
9.3 Introduction
The concentration of carbon dioxide in the atmosphere has increased by roughly one-third within
the past two decades due to the extensive use of carbon-based fossil fuels.294 It is very likely that
these fossil fuels will continue to be used as our primary worldwide energy source.127 As a result,
it is predicted that the concentration of CO2 in the atmosphere will be significantly higher within
the next few decades.295 A large amount of research is being done to find ways to capture and store
CO2 effectively and reduce carbon emissions in order to maintain environmental sustainability
for future generations. The use of molecular hydrogen as an alternative energy source in road
vehicles is a possible solution to prevent CO2 emissions.
124 The successful commercialization
of hydrogen-powered automobiles greatly depends on the development of safe, high-capacity,
efficient, and economical on-board hydrogen storage systems.41
Although H2 is ubiquitous on this planet, it is chemically sequestered, and therefore, it is
primarily obtained from the execution of various chemical reactions.296 The industrial production
of H2 is mainly from steam-methane reformation of natural gas, where methane is heated to
roughly 1,000 C and reacts with steam to produce synthetic gas (syngas), composing of carbon
monoxide and hydrogen. A subsequent water-gas shift reaction is carried out to produce more
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hydrogen, but CO2 is also produced in the process. Thus, in order to purify and use hydrogen,
the separation of CO2 from syngas is required.
250,297
Metal–organic materials (MOMs) are a class of materials that include porous strucures and
offer great potential for H2 storage,
5,43,44 CO2 capture/storage,
69,128,298 and CO2/H2 separa-
tions.104,128,255 MOMs include a group of solid crystalline materials that are synthesized with
rigid organic ligands coordinated to metal-containing clusters.46,129,299 They can be synthesized
with resulting moderate to high surface areas and can be assembled from inexpensive, lightweight
organic ligands and metals with desired/tunable chemical functionality.5 By simply changing
the ligands and metals, a variety of porous MOMs with different pore sizes, dimensions, and
topologies have been synthesized.130 MOMs are materials that can effectively sorb a considerable
amount of gas in the pores through physisorption with the ability of storing it under moderate
conditions and releasing it through mild change in thermodynamic control variables.1,2,24,41 They
have been shown to have a large hydrogen storage capacity with reversible sorption.41,43,44,99,160
Thus, remarkable progress has been made toward the challenging DOE targets for on-board
hydrogen storage with modest investments.5,24 In addition, MOMs have already been shown to
store and separate more CO2 than any other porous material to date,
38,128,192,260,300 including
activated carbons,153 carbon nanotubes,301 and zeolites.154
Previous studies have shown that there are several factors that influence gas uptake in
MOMs.41,43 For instance, MOMs that have open-metal sites185,260 or amine functional groups261,302
have been shown to have high affinity toward H2 and CO2. Thus, the utilization of these groups
in MOMs has been considered to be a promising strategy for increasing gas uptake and sepa-
ration. MOMs that contain these moieties promote strong physical interactions with H2 and
CO2, and thus lead to increased sorption for these sorbate molecules. In addition, it has been
shown that these MOMs exhibit a high initial isosteric heat of adsorption, Qst, toward H2 and
CO2.
34,208,258–260,262
However, a possible drawback of MOMs with exceptional strong interactions are resulting
high energy costs associated with activating, regenerating, and recycling the material, and high
competition with water;303 this is analogous to problems with competing materials like metal
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hydrides155 and certain zeolites.154 Thus, such MOMs would not be well-suited for industrially
relevant CO2 separation applications, such as pre-combustion and post-combustion CO2 capture.
Hence, other routes are being investigated to synthesize MOMs that have increased gas uptake
and selectivitiy, in addition to facile recyclability and water stability.200 A promising method
for increasing gas uptake in MOMs is tuning the pore sizes to allow for optimal (van der Waals
and electrostatic) interactions between the framework and the sorbate molecules.304,305 MOMs
that have carefully tailored pore sizes congruent with target molecular shapes would represent
an appealing platform for increasing gas sorption: such MOMs have specific interactions with
desirable energetics.41,44
Square-pillared grids, a MOM platform with primitive cubic (pcu) topology, embody crystal
engineering6,306 principles in that they are designed via a rational structural blueprint and can be
assembled from modular components. These 3D nets consist of 6-connected, octahedral metal
nodes which are bridged through equatorial coordination by organic linkers and also through
axial coordination by pillars. Square-pillared grids are amenable to fine-tuning with regard to
both pore size and chemical functionality. The former is adjusted through variation of linker
length or through interpenetration,265 while the latter is adjusted through the incorporation of
functional groups on the linker or pillar. The presence of saturated metal centers in this platform
is a potential benefit in the context of activation, regeneration, and water stability and permits
a sorption mechanism which is not governed by metal-sorbate chemical coordination/bonding.
A subclass of square-pillared grids based upon N-heterocycles (e.g., 4,4-bipyridine, bpy =
linker) and inorganic fluoroanions (e.g., SiF2−6 = pillar) has demonstrated promising gas storage
and separation properties.37,38,198,257,263,264,266–268 [Cu(bpy)2SiF6],
257,264 a prototypal member of
this class, exhibits high CO2 selectivity over both CH4 and N2 at 298 K and 1.0 atm.
257 Such
a phenomenon can be attributed to the favorable electrostatic and conformal van der Waals in-
teractions between the CO2 molecules and the SiF6
2− moieties. A simlar MOM was constructed
by replacing 4,4-bipyridine with an extended trans-bis(4-pyridyl)ethylene (bpe) linker to syn-
thesize the expanded analogue [Cu(bpe)2SiF6].
257 The gas sorption capacity and selectivity in
this compound are approximately half those of the parent compound, which can be explained by
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(a) (b)
Figure 9.1: Perspective view of the crystal structures of (a) [Cu(dpa)2SiF6] and (b)
[Cu(dpa)2SiF6-i]. The interpenetrated net in [Cu(dpa)2SiF6-i] is colored in red. Atom colors: C
= cyan, H = white, N = blue, F = green, Si = yellow, Cu = tan.
the increase in pore size and surface area that produces a less favorable fit for CO2 molecules.
Moreover, subatmospheric pressure water vapor sorption isotherms on both compounds reveal a
much lower uptake in comparison to MIL-101,291 HKUST-1,291 and Mg-MOF-74,292 three MOMs
which contain open-metal sites and sorb large amounts of CO2.
Recently, two novel polymorphic pillared variants containing 4,4-dipyridylacetylene (dpa)269
linkers, non-interpenetrated [Cu(dpa)2SiF6] and 2-fold interpenetrated [Cu(dpa)2SiF6-i], were
synthesized and investigated for their CO2 sorption and separation performance (Figure 9.1).
38
The identical chemical composition of these materials afforded the opportunity to study exclu-
sively the effect of pore size on CO2 uptake and selectivity. The pore sizes (the channel diagonal
distance minus van der Waals radii) of [Cu(dpa)2SiF6] and [Cu(dpa)2SiF6-i] are 13.05 and 5.15
A˚, respectively, and as expected, the Brunauer, Emmett, and Teller (BET)219 surface area and
pore volume of the former are substantially greater (3140 m2 g−1 vs 735 m2 g−1 and 1.10 cm3
g−1 vs 0.25 cm3 g−1).
[Cu(dpa)2SiF6-i] exhibits much narrower pore sizes than [Cu(dpa)2SiF6], and thus, it sorbs
a much larger quantity of CO2 at low loadings. Indeed, the CO2 uptake in [Cu(dpa)2SiF6-i]
was measured to be 5.72 mmol g−1 at 298 K and 1.0 atm (5.41 mmol g−1 in previous work38),
whereas [Cu(dpa)2SiF6] only exhibited an uptake of 1.84 mmol g
−1 under the same conditions
(see Supporting Information of ref. 140). The initial Qst for CO2 is greater in [Cu(dpa)2SiF6-i]
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compared to [Cu(dpa)2SiF6] as well (31.9 kJ mol
−1 vs 22.0 kJ mol−1). Currently, the gravi-
metric CO2 uptake observed for [Cu(dpa)2SiF6-i] at 298 K and 1.0 atm is the highest for any
compound that does not contain open-metal sites or amine functional groups under these con-
ditions. Moreover, there are only eight MOMs that have higher CO2 uptake at 298 K and
1.0 atm: Mg-MOF-74,208,260 Co-MOF-74,208,307 Ni-MOF-74,208,307 Fe-MOF-74,308 MIL-101,309
Cu-TDPAT,34 [Cu(Me-4py-trz-ia)],186 and partially hydrated HKUST-1.310,311 Furthermore, the
experimentally measured H2 uptakes at 77 and 87 K and calculated Qst values were much greater
in [Cu(dpa)2SiF6-i] than in [Cu(dpa)2SiF6] at low loading (see Supporting Information of ref.
140).
In this work, we attempt to understand the mechanism of CO2 and H2 sorption and separation
in [Cu(dpa)2SiF6-i] using grand canonical Monte Carlo (GCMC) simulations. GCMC studies can
provide detailed insights into the mechanism of gas sorption while providing direct comparisons
to experimental measurements (e.g., sorption isotherms and Qst values). Outstanding agreement
with experimental measurements over a broad range of thermodynamic conditions generates con-
fidence in molecular level predictions, such as the preferred sorption sites and sorbate geometries
inside the MOM.
The Qst values describe the energetics of adsorption for a gas molecule in a MOM at a specific
surface coverage.128 The experimental Qst values are typically calculated by numerical analysis
of two or more sorption isotherms that were performed at different temperatures. The isotherms
are usually fitted to a model (often the virial equation108 or Langmuir-Freundlich equation312),
and the Qst values are subsequently calculated through a finite-difference approximation to the
temperature derivative in the Clausius-Clapeyron equation.170 In GCMC, the Qst values are
calculated from a statistical mechanical method that involves the fluctuations of the particle
number and potential energy54 (see Supporting Information of ref. 140) and can also be obtained
from theoretical isotherms.
For many MOMs, the initial (zero-coverage) Qst value corresponds to the strongest binding
site within the material, which can be attributed to certain chemical features such as open-metal
sites or polar functionalities; hence, this is the value that is often used for evaluating the strength
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of sorbate binding.128 Normally, the Qst value for a sorbate in a MOM decreases as a function
of loading, a phenomenon which can be explained by sorbed molecules blocking the favorable
sites for incoming sorbates and decreasing sorption energetics as a result of sorbate-sorbate
interactions. In this study, it will be shown that the initial Qst value for CO2 in [Cu(dpa)2SiF6-i]
does not correspond to the most favored sorption site in the sorbate occupied MOM, i.e., for
the MOM investigated herein, energetically preferred sorption sites become available when CO2
molecules are already present in the MOM. As a consequence, the Qst for CO2 increases as the
uptake increases, in contrast to expectations. It will be shown that entering CO2 molecules have
favorable interactions with the MOM and sorbed CO2 molecules simultaneously, leading to Qst
values that are higher than the initial loading value.
In addition to single sorbate studies, GCMC methods were used to perform multicomponent
mixture sorption in [Cu(dpa)2SiF6-i]. Different mixture compositions containing at least CO2 and
H2 were investigated to mimic the separation of CO2 from syngas. The sorption and separation
of CO2 in a binary mixture of 30:70 CO2/H2 in [Cu(dpa)2SiF6-i] was considered first. This is
regarded as the standard test mixture composition to investigation the selectivity of CO2 over H2
in syngas.38 Although CO2 and H2 are the major components of syngas, the eﬄuent also contains
small quantities of other gas molecules, most notably CO, N2, and highly competitive, strongly
interactive H2O.
4 Taking advantage of the feasibility of modeling different numbers of sorbate
molecules at different compositions in a MOM through computer simulation, the separation of
CO2 in a mixture containing CO2, H2, and these other gas molecules was also performed in
[Cu(dpa)2SiF6-i]. This was done to better evaluate the practical capacity of [Cu(dpa)2SiF6-i]
to separate CO2 from other gas molecules that are found in syngas. In addition, since syngas
contains small amounts of water, the effect that H2O has on the sorption and separation of
CO2 in [Cu(dpa)2SiF6-i] was explored. It is well-known that the presence of water causes the
CO2 uptake and selectivity in many materials to decrease significantly.
104 However, it was shown
previously through column breakthrough experiments that the presence of small amounts of water
in a mixture had a negligible effect on the CO2 uptake in [Cu(dpa)2SiF6-i].
38 This phenomenon
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was further validated in the modeling studies reported herein. This article presents the first
computational study of gas sorption and separation in [Cu(dpa)2SiF6-i].
9.4 Methods
GCMC methods were used to model CO2 and H2 sorption and separation in [Cu(dpa)2SiF6-i].
More details of the GCMC methods, including an explanation of how certain thermodynamic
observables (e.g., isotherms and Qst) are calculated can be found in the Supporting Information
of ref. 140. For all simulations, a 2 × 2 × 2 unit cell system of [Cu(dpa)2SiF6-i] was used.
The interactions between the MOM framework and the sorbate molecules were represented by
repulsion/dispersion (Lennard-Jones 12-6) parameters, electrostatics (partial charges), and, for
simulations including explicit induction, polarizability parameters on all atoms of the framework
and the sorbate molecules as in our previous work.2,12,13,24 This was done to capture the essential
energetics of the sorption processes with quantitative accuracy. All MOM atoms were constrained
to be rigid during the simulations. Note, it is possible to treat the flexibility of the MOM during
the simulations according to previously described procedures,111–113 but such a method was not
implemented in this work. It will be shown later that good agreement with experiment was
achieved with a rigid model for [Cu(dpa)2SiF6-i], so it was safe to assume that the flexibility of
the MOM plays no or a small role for the sorption conditions considered. The use of a flexible
force field is not expected to change the reported simulated sorption results significantly and
adds unnecessary complexity.
For [Cu(dpa)2SiF6-i], the Lennard-Jones parameters for all organic MOM atoms were taken
from the optimized potentials for liquid simulationsall atom (OPLS-AA) force field.10 For Cu,
Si, and F, the Lennard-Jones parameters from the universal force field (UFF)9 were used as the
OPLS-AA force field does not contain such parameters for these atoms. The partial charges for
the atoms in [Cu(dpa)2SiF6-i] were obtained from quantum mechanical calculations on several
fragments of atoms taken from the MOM structure. The polarizability parameters for C, H, N,
and F were taken from van Duijnen et al.,20 while those for Cu and Si were determined by fitting
a molecular polarizability tensor to one that was obtained from quantum mechanical calculations
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for certain fragments. Details of the calculations to obtain partial charges for the MOM atoms
and the polarizability parameters for Cu and Si are provided in the Supporting Information of
ref. 140.
For CO2 and H2 sorption in [Cu(dpa)2SiF6-i], simulations were performed with and with-
out inclusion of many-body polarization contributions. Polarization was explicitly included in
the simulations by use of a Thole-Applequist type model, which is explained in detail else-
where2,17–20,24 and in the Supporting Information of ref. 140. It was shown in previous work on
H2 sorption
2,24 that explicit many-body polarization effects are essential to describe the correct
sorption behavior and MOM-sorbate interactions at least in charged/polar MOMs. This was
investigated using highly accurate and transferable potentials of H2 that were developed in our
group.23 These hydrogen models were used in the simulation of H2 sorption in this work. A
single-site Lennard-Jones H2 model developed by V. Buch
22 was also used as a control to assess
the influence of explicit electrostatics. Moreover, we have developed similar CO2 potentials for
use in simulation in condensed phase media. This was accomplished using the sorbate fitting
procedure that was reported previously.23,66 Thus, simulation of CO2 sorption in [Cu(dpa)2SiF6-i]
was performed using the following CO2 potentials: one that includes van der Waals and charge-
quadrupole interactions (referred to as CO2-PHAST, PHAST = Potentials with High Accuracy,
Speed, andTransferability), and one that includes van der Waals, charge-quadrupole, and ex-
plicit many-body polarization interactions (referred to as CO2*-PHAST, where the * denotes
the inclusion of explicit polarization). More details of the CO2 and H2 potentials used in this
study are provided in the Supporting Information of ref. 140.
Note, many theoretical groups use the TraPPE CO2 model
25 for modeling CO2 sorption and
separation in MOMs. Simulation of CO2 sorption in [Cu(dpa)2SiF6-i] was also investigated using
the TraPPE model, and the results show that the model produced resonable uptakes and Qst
values as the CO2-PHAST and CO2*-PHAST models (see Supporting Information of ref. 140).
TraPPE was found to significantly oversorb in [Cu(dpa)2SiF6-i] at low pressures and undersorbs
somewhat at higher pressures. TraPPE is a relevant comparison because it is an excellent bulk
potential, fit to reproduce phase coexistence. It does, however, not perform as well in MOMs as
219
it typically oversorbs for broad pressure ranges. This is due to the presence of CO2 conformations
that are present in MOM sorption but not relevant to bulk CO2 structure.
Although [Cu(dpa)2SiF6-i] is a highly polar environment with the presence of the SiF6
2− moi-
eties, it will be shown that many-body polarization effects are neglible compared to dominant
van der Waals and charge-charge interactions for modeling CO2 and H2 sorption in this com-
pound. This phenomenon can be explained by the very narrow pore size exhibited by the MOM,
as the 5.15 A˚ wide channels causes dispersion interactions to become increasingly important
when the MOM atoms interact with the sorbate molecules. Such effects were also observed in
previous computational studies on ME-193.13 Nevertheless, simulations of gas sorption were still
performed with induced-dipole effects, and its comparison with the results obtained without such
interactions are shown herein. While polarization energies are significant in magnitude, they are
not a determining factor in the MOM-sorbate structure for the MOM studied herein.
The pore volume of [Cu(dpa)2SiF6-i] was calculated experimentally and from the crystal
structure and found to be 0.25 cm3 g−1.38,280,281 In this study, the pore volume was also esti-
mated by simulating N2 in the structure at the liquid nitrogen temperature. Specifically, GCMC
simulation of N2 sorption was performed in [Cu(dpa)2SiF6-i] at 77 K to obtain a simulated N2
sorption isotherm. Afterward, the t-plot method272–274 was used to estimate the pore volume
using the data from the simulated isotherm. Calculation of the pore volume using this method
yielded a value of 0.25 cm3 g−1, which is in agreement with what was calculated using PLA-
TON.280,281 The simulation predicts that the N2 uptake saturates at very low pressures at 7.07
mmol g−1. The simulated N2 sorption isotherm at 77 K in [Cu(dpa)2SiF6-i] and details on the
N2 model used in this study can be found in the Supporting Information of ref. 140. Note, the
same methods were also implemented using Ar ( = 93.098 K; = 3.446 A˚)9 at 87 K and a similar
pore volume was obtained. The saturated Ar uptake in the compound was also 7.07 mmol g−1.
In addition to simulating a binary mixture of 30:70 CO2/H2 in [Cu(dpa)2SiF6-i], simulations
were also performed where the gas reservoir contains both CO2 and H2 along with small quantities
of CO, N2, and H2O. This is the typical mixture composition that is found in syngas (after
the water-gas shift reaction).4 In this work, CO was modeled as a four-site charge-quadrupole
220
model that was developed by Piper et al.313 This model was used successfully in MOM-sorbate
studies performed previously.104,314,315 N2 was modeled as a five-site model that was developed
in our group using a standard sorbate fitting procedure as described previously.23,66 This model
includes repulsion/dispersion terms on the true atomic locations of the N atoms and Lennard-
Jones off-atomic sites, and atomic point partial charges localized on the center-of-mass site and
the atomic locations. H2O was modeled using the TIP3P (three-point transferable interaction
potential) model that was developed by Jorgensen et al.316 The parameters for all sorbate models
used in this work can be found in the Supporting Information of ref. 140. In mixture sorption,
the selectivity of one gas over another is calculated by
S =
xi
yi
yj
xj
(9.1)
where xi is the mole fraction of component i in the adsorbed phase and yi is the mole fraction
of component i in the bulk phase. Note, for all mixture simulations, only van der Waals and
electrostatic interactions were considered.
9.5 Results
9.5.1 CO2 Sorption
The GCMC simulated low-pressure CO2 sorption isotherms for the two (nonpolar and polariz-
able) CO2 potentials (CO2-PHAST and CO2*-PHAST) at two temperatures were in excellent
agreement with the corresponding experimental results (Figure 9.2(a)). As shown by both ex-
periment and simulation, the CO2 uptake in [Cu(dpa)2SiF6-i] is approximately 5.72 mmol g
−1 at
298 K and 1.0 atm and 6.93 mmol g−1 at 273 K and 1.0 atm. These values are the highest for
any MOM material that does not contain open-metal sites or amine functional groups at these
conditions. In addition, only a few structures have higher CO2 uptakes under the same condi-
tions, including Mg-MOF-74,208,260 Cu-TDPAT,34 [Cu(Me-4py-trz-ia)],186 and partially hydrated
HKUST-1.310,311 Using the GCMC calculated pore volume for [Cu(dpa)2SiF6-i] and the liquid
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CO2 density, the CO2 uptake corresponding to liquid in the compound was estimated to be 6.25
mmol g−1. It can be seen that the physical state of CO2 in [Cu(dpa)2SiF6-i] resembles a liquid
by 0.40 atm at 273 K where it would be in the gaseous state outside of the MOM. Figure 9.2(a)
compares the density of CO2 in the pore to the bulk liquid density (horizontal dashed line) at 250
K and 200 atm.282 This was further verified by calculating the isothermal compressibility, βT , for
CO2 in the compound at this state point, as it was observed that the βT values plunges rapidly
with increasing pressure, and eventually to a value that is characteristic of bulk CO2 liquid. The
GCMC-calculated βT values were calculated based on the fluctuations in the particle number
(see Supporting Information of ref. 140).12,24,28,54 At 300 K and 500 atm, the liquid βT value
for bulk CO2 is 1.45 × 10−4 atm−1.282 At 273 K and 0.40 atm, the βT value in [Cu(dpa)2SiF6-i]
is 1.43 × 10−4 atm−1 and 1.40 × 10−4 atm−1 for the CO2-PHAST and CO2*-PHAST models,
respectively.
It can be seen that the CO2-PHAST model produces slightly higher uptakes than the CO2*-
PHAST model at low loading. This could be attributed to the fact that the lack of explicit
polarization for the CO2-PHAST model results in slightly less favorable packing mechanisms in
the MOM framework. Nevertheless, both models produced comparable CO2 sorption isotherms
in [Cu(dpa)2SiF6-i] in the low-pressure regime. However, at pressures approaching saturation,
the CO2 uptakes produced by both CO2 models were nearly identical.
The CO2 isotherms for the CO2-PHAST and CO2*-PHAST models in [Cu(dpa)2SiF6-i] also
agree with the experimental 298 K data at higher pressures (Figure 9.2(b)). At 298 K, charac-
teristic liquid density is reached at approximately 3.0 atm. In addition, it can be seen that the
experimental and simulated isotherms trend toward a value corresponding to CO2 saturation in
the structure. The modeling studies predict that the maximum uptake for CO2 in [Cu(dpa)2SiF6-
i] is 7.07 mmol g−1; this is the same saturation uptake for N2 and Ar sorption. This saturation
value corresponds to 8 CO2 molecules per unit cell.
The GCMC calculated isosteric heats of adsorption, Qst, for CO2 for the two potentials
were in outstanding agreement with the Qst values that were calculated experimentally through
numerical analysis of the CO2 sorption isotherms (Figure 9.2(c)). The experimental initial Qst
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for CO2 in [Cu(dpa)2SiF6-i] is approximately 31.9 kJ mol
−1. This is in good agreement with the
initialQst that was calculated from a one-particle simulation in the simulation cell for both models
that mimics the initial Qst conditions. Furthermore, it can be observed that the experimental
Qst increases slightly with increasing CO2 uptake at low loadings. This trend continues until
about 4.00 mmol g−1 is reached (the Qst is approximately 36 kJ mol−1 at this point), at which
the Qst starts to drop with increasing loading. Typically, the Qst value for a sorbate does not
increase with increasing uptake inside a MOM. An increase in the experimental Qst as a function
(a) (b)
(c)
Figure 9.2: (a) Low-pressure (up to 1.0 atm) CO2 sorption isotherms at 298 K (solid) and
273 K (dashed), (b) high-pressure (up to 25.0 atm) CO2 sorption isotherms at 298 K, and (c)
isosteric heats of adsorption, Qst, for CO2 at 298 K plotted against CO2 uptakes corresponding
to pressures between 0 and 25.0 atm in [Cu(dpa)2SiF6-i] for experiment (black), CO2-PHAST
model (green), and CO2*-PHAST model (red). The dashed line represents the CO2 uptake
corresponding to liquid CO2 density and the blue line represents the CO2 uptake corresponding
to CO2 saturation (8 CO2 molecules per unit cell).
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of loading can sometimes be attributed as an artifact of the fitting parameters/model used to
evaluate the required derivatives in extracting the isosteric heat from the CO2 sorption isotherms.
However, the simulations for both CO2 models in [Cu(dpa)2SiF6-i] show the same general trend,
thus demonstrating that the increase in Qst with increased loading is a consequence of favorable
sorbate-sorbate interactions. The simulations predict that the Qst for CO2 starts at around 31.5
kJ mol−1 and increases to approximately 40.0 kJ mol−1 at saturation. Note, the range of reported
experimental Qst values is limited by the precision of the experimental isotherm data at high
saturation values where the isotherm slopes are quite similar and need to be distinguished to
yield Qst values numerically. In contrast, theoretical isosteric heats are obtained independently
from isotherm data, directly from GCMC simulations.54
The increasing Qst with increased CO2 uptake was examined to yield insights into the rea-
son for this phenomenon using the atomistic detail inherent in molecular simulations. In a
one-molecule canonical Monte Carlo (CMC) simulation of [Cu(dpa)2SiF6-i], the CO2 can be seen
oriented vertically or horizontally in the square channel with the carbon atom of the CO2 molecule
coordinating to the exposed equatorial fluorine atom of the SiF6
2− moiety (Figure 9.3(a)). This
interaction corresponds to the initial Qst value for the structure. This is true for both the CO2-
PHAST and CO2*-PHAST models. Note, although the pore size of [Cu(dpa)2SiF6-i] is 5.15 A˚,
there is enough room for the CO2 molecules to change their orientation as they are loaded into the
channels in the MOM. This is in contrast to what was observed in [Zn(pyz)2SiF6], the smallest
member of the so-called ”SIFSIX” series where a pore size of 3.84 A˚ is exhibited.37,38 In this com-
pound, the CO2 molecules can only orient vertically in the channel due to the ultramicroporous
nature of the framework.
With two CO2 molecules introduced into the simulation box for [Cu(dpa)2SiF6-i] for CMC
simulation, the resulting Qst was higher than the initial Qst if both of the CO2 molecules were
loaded into a single channel. Thus, at low loading, it was observed that as more CO2 molecules
sorb into the MOM, the enthalpy of adsorption increases because a much more favorable sorption
site can be found if additional CO2 molecules are present in the MOM. As one CO2 molecule
is sorbed in [Cu(dpa)2SiF6-i], it binds to an equatorial fluorine atom in a channel and it can be
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(a) (b)
Figure 9.3: Molecular illustration of (a) one CO2 molecule and (b) two CO2 molecules sorbed
within the channels of [Cu(dpa)2SiF6-i]. The enthalpy of adsorption is greater in (b). Atom
colors: C = cyan, H = white, N = blue, O = red, F = green, Si = yellow, Cu = tan.
oriented either vertically or horizontally. If the CO2 molecule is aligned horizontally, for example,
the next CO2 molecule that comes into the channel will sorb next to it, but oriented vertically,
with its carbon atom coordinating to the equatorial fluorine atom of the SiF6
2− group on the
opposite wall and its oxygen atom coordinating to the carbon atom of the first CO2 molecule
(Figure 9.3(b)). This is a very favorable electrostatic interaction for the CO2 molecules oriented
in the MOM. Recall that the charge separation in CO2, leading to its quadrupole, consists of
significant excess electron density of the oxygen atoms with a corresponding deficit on the carbon
atom producing strong local fields if only a quadrupole at larger separations. The next molecule
that comes in will favorably sorb near the previous CO2 molecule, but oriented horizontally,
making a similar interaction as before. Essentially, the alignment of sorbed CO2 molecules in
[Cu(dpa)2SiF6-i] will direct the packing of other molecules in the structure. The modeling results
therefore demonstrate that the observed increase in Qst with increasing loading for CO2 sorption
is due to both MOM-sorbate and sorbate-sorbate interactions leading to highly favorable joint
structure.
The modeled simulation cell at saturation shows that there are 8 CO2 molecules sorbed per
unit cell in [Cu(dpa)2SiF6-i] (Figure 9.4). This was predicted to be the saturation point for
CO2 in this compound because evaluation of the MOM-sorbate structure with all atoms in their
appropriate van der Waals radii at this loading shows that there is no room to insert an additional
molecule into the system. Additionally, the modeled structure at saturation shows that the CO2
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(a) (b)
Figure 9.4: (a) The side view and (b) top view of the modeled 2 × 2 × 2 unit cell system
of [Cu(dpa)2SiF6-i] at CO2 saturation with all atoms in their appropriate van der Waals radii.
MOM atom colors: C = cyan, H = white, N = blue, F = green, Si = yellow, Cu = tan. CO2
molecule atom colors: C = gray, O = red.
molecules alternate between a vertical and horizontal alignment within a channel. Specifically,
the CO2 molecules interact in a T-shaped configuration with each other within a channel. This
is the most favorable configuration of the CO2 molecules in [Cu(dpa)2SiF6-i]. Note, molecular
dynamics (MD) simulations were also performed on the MOM-CO2 system at various loadings
(including saturation) and the trajectories revealed that the CO2 molecules can move and change
its orientation while sorbed in the MOM even given there is little room within the 5.15 A˚ channel
to do so (see Supporting Information of ref. 140). The driving force behind the diffusive motion
is the dynamical fluctuation of a single CO2 molecule. If the orientation of one molecule is
changed, this causes the alignment of the other sorbed molecules to alter sympathetically, driven
to preserve the favorable T-shaped interactions in this structure. This cooperative translational
mechanism may lead to interesting diffusive kinetics.
Examination of the three-dimensional histograms showing the CO2 population in [Cu(dpa)2SiF6-
i] reveals that there is only one type of binding site for the CO2 molecules in the compound (Figure
9.5). As stated above, the binding site is the equatorial fluorine atom of the SiF6
2− moiety that
is exposed to the channel. However, the CO2 molecule orientation at this binding site will vary
between a vertical and horizontal alignment with respect to the channel. Moreover, the orienta-
tion of the CO2 molecule at a given binding site will affect the orientations of those molecules
that are located above and below that molecule within the channel.
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(a) (b)
Figure 9.5: (a) The side view and (b) slanted view of the three-dimensional histograms of CO2
sorption in [Cu(dpa)2SiF6-i] at 298 K and 0.10 atm showing the site of CO2 sorption (purple).
9.5.2 H2 Sorption
Simulation of hydrogen sorption in [Cu(dpa)2SiF6-i] was performed in well-tested models of
increased complexity, including only van der Waals interactions (Buch), a model that includes
van der Waals and charge-quadrupole interactions (BSS), and a model that is augmented with
many-body polarization interactions (BSSP).24 The simulated low-pressure sorption isotherms
for the three models were in good agreement with the experimental H2 sorption isotherm for
the compound at 77 K (Figure 9.6(a)). Indeed, both experiment and simulation shows that
[Cu(dpa)2SiF6-i] can sorb a significant amount of H2 at this temperature, especially at low
loading. As the pressure increases, it can be seen that the slope of the isotherms starts to
decrease dramatically, which is indicative of the hydrogen uptake approaching saturation in this
structure. For pure CO2, N2, and Ar, saturation in [Cu(dpa)2SiF6-i] corresponds to 8 molecules
per unit cell. In the case of hydrogen, it can be seen that the loading surpasses 8 molecules
per unit cell at pressures below 1.0 atm. In addition, the H2 uptake is not representative of
liquid hydrogen density (8.64 mmol g−1) yet. These results suggest the possibility that more H2
molecules can be added. To verify this, H2 sorption was simulated in [Cu(dpa)2SiF6-i] at 77 K
and pressures up to 50.0 atm using the three models. The modeling studies predict that liquid
density is reached at approximately 10.0 atm and H2 saturation is reached at approximately 15.0
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atm, where a H2 uptake of 8.83 mmol g
−1 is obtained. It will be shown below that this predicted
saturation value for hydrogen corresponds to 10 H2 molecules per unit cell.
The experimental Qst for H2 was determined by applying the virial method
108 to the ex-
perimental H2 sorption isotherms at 77 and 87 K. The initial Qst value was calculated to be
approximately 8.4 kJ mol−1; this value is one of the highest among MOMs that do not possess
open-metal sites or amine functional groups. In addition, this initial Qst value exceeds those for
most MOMs that contain copper paddlewheels, such as HKUST-1.114,179 The GCMC simulation
predicts the Qst for H2 to be a little higher than the experimental results, with initial values
of approximately 8.8, 9.5, and 9.9 kJ mol−1 for the Buch, BSS, and BSSP models respectively
(Figure 9.6(b)). Indeed, this can be attributed to the favorable interaction that the H2 molecules
make with the SiF6
2− moieties in a confined space. Both experiment and simulation shows that
the Qst values are nearly constant over a wide range of loading. However, as the uptakes ap-
proach the expected saturation (8.83 mmol g−1), the Qst values start to plunge. This observation
provides a good example of the value of atomistic insight into experimental observables even in
the absence of perfect agreement between the two: the physical origin of the initially high and
later declining Qst values is clear given the molecular structures and sorbate interaction/packing.
Note, even though [Cu(dpa)2SiF6-i] has very narrow pore sizes, there is still room for the
sorbed H2 molecules to move around in the channels. This is in contrast to what was observed
in ME-193, which contains even narrower pore sizes.13 The experimental initial Qst for H2 for
ME-193 was estimated to be 9.2 kJ mol−1. Although this Qst value is very high, the channels
in this MOM are very small such that it does not offer enough conformational freedom for the
hydrogen molecules to explore the different intermolecular interactions. In addition, the total
H2 uptake capacity in this structure is relatively modest. On the other hand, [Cu(dpa)2SiF6-
i] displays a high Qst for H2, has channels that are large enough to allow orientation of the
hydrogen molecules, and can sorb a significant amount of H2 at low loading; thus, it has the
potential to be a good prototype compound for hydrogen storage. Note, the simulations reveal
that [Cu(dpa)2SiF6-i] is particularly good for H2 sorption under cryogenic conditions, such as 77
K. However, the H2 uptake in this MOM is very small at ambient conditions that are suitable
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(a)
(b)
Figure 9.6: (a) Low-pressure (up to 1.0 atm) H2 sorption isotherms at 77 K and (b) isosteric
heats of adsorption, Qst, for H2 at 77 K plotted against H2 uptakes corresponding to pressures
between 0 and 50.0 atm in [Cu(dpa)2SiF6-i] for experiment (black), Buch model (blue), BSS
model (green), and BSSP model (red). The dashed line represents the H2 uptake corresponding
to liquid H2 density, the blue line represents the H2 uptake corresponding to 8 H2 molecules per
unit cell, and the orange line represents the H2 uptake corresponding to H2 saturation (10 H2
molecules per unit cell).
229
(a) (b)
Figure 9.7: (a) The side view and (b) top view of the modeled 2 × 2 × 2 unit cell system of
[Cu(dpa)2SiF6-i] at H2 saturation with all atoms in their appropriate van der Waals radii. MOM
atom colors: C = cyan, H = white, N = blue, F = green, Si = yellow, Cu = tan. H2 molecule
atom colors: H = white.
for an automobile. In addition, the presence of other sorbate molecules will limit the H2 uptake
in this compound through competitive binding.
The modeled structure at saturation shows that there are 10 H2 molecules per unit cell in
[Cu(dpa)2SiF6-i] (Figure 9.7). This is in contrast to the observed saturation amounts for other
sorbates, such as CO2, N2, and Ar in the compound, where a saturation value of 8 molecules
per unit cell was seen. Hence, there is enough room within a unit cell to load an additional
two H2 molecules beyond 1.0 atm at 77 K. This saturation amount for hydrogen makes sense
geometrically given that the van der Waals channel dimensions of the MOM are 3.5 A˚ × 3.5 A˚
and that the kinetic diameter of a hydrogen molecule is 2.89 A˚. Unlike CO2, there are no specific
orientations that the H2 molecules display as they are sorbed into the channels of the MOM.
It is important to mention that, although the BSS, BSSP, and, to some extent, Buch H2
models were all able to produce reasonable sorption behavior and essential MOM-H2 interactions
in [Cu(dpa)2SiF6-i], only the BSSP model was able to accurately capture the proper sorption
structure in highly charged/polar MOMs that contains open-metal sites and polar surfaces. An
example of such an instance was observed in previous work on PCN-61 where the experimental
sorption isotherms and Qst values were only reproduced using the polarizable BSSP model.
24 In
addition, the important interaction between the hydrogen molecules and the open-metal sites
were only captured using the BSSP model in this MOM. In [Cu(dpa)2SiF6-i], the contributions
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from stationary electrostatics and many-body polarization were found to be relatively small, as
the narrow pore sizes for the MOM cause van der Waals interactions to dominate. These inter-
actions become very important as the hydrogen molecules interact with multiple MOM atoms
in a confined space that cooperatively produce an attractive van der Waals well. Examina-
tion of the energetic contributions for hydrogen sorption using the BSS and BSSP models in
[Cu(dpa)2SiF6-i] revealed that van der Waals interactions contribute approximately 90% of the
total energy. In addition, the polarization energy is less than 5% of the total energy for sim-
ulations using the BSSP model. However, simulations involving explicit polarization were still
useful for determining the favored sorption sites in the MOM as explained next.
To gain insight into the binding regions for H2 in [Cu(dpa)2SiF6-i], the distribution of the
induced hydrogen molecules was calculated for the BSSP model at various loadings. The normal-
ized hydrogen dipole distribution showed that there are two distinct peaks that corresponds to
the different regions of occupancy inside the MOM (Figure 9.8(a)). The high dipole distribution
peak (0.09 to 0.14 D) seen at all loadings corresponds to direct sorption onto the equatorial fluo-
rine atoms in the structure (Figures 9.8(b) and 9.8(c)). This is the most favorable site for initial
H2 loading. The combination of the SiF6
2− moieties and the narrow pore size of the structure
explains the high initial Qst for H2 in this compound. As for the low dipole peak (0.01 to 0.06
D), hydrogen molecules that have these dipole magnitudes can be seen sorbing into the small
crevices that are located above and below the primary binding site. Specifically, the hydrogen
molecules like to sorb into the region that is between two exposed equatorial fluorine atoms that
are on opposite walls. As the hydrogen molecules sorb onto this site, they can coordinate to
both fluorine atoms. In general, the simulations revealed that there are two types of binding
sites for H2 in [Cu(dpa)2SiF6-i] (Figure 9.9). Similar sites with slightly different occupanices
were also present in the nonpolar models, and the polarization distribution serves as a kind of
order parameter to identify the molecularly distinct distributions.
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(b) (c)
Figure 9.8: (a) Normalized hydrogen dipole distribution for the BSSP model at 77 K and various
pressures in [Cu(dpa)2SiF6-i]. (b) The side view and (c) slanted view of the three-dimensional
histograms of hydrogen sorption in [Cu(dpa)2SiF6-i] at 77 K and 0.01 atm showing the sites of
hydrogen sorption for low loadings as a function of induced dipole magnitude. The purple sites
correspond to hydrogen molecules with dipole magnitudes of 0.09 to 0.14 D, and the yellow sites
correspond to hydrogen molecules with dipole magnitudes of 0.01 to 0.06 D.
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(a) (b)
Figure 9.9: Molecular illustration of the two binding sites (primary = orange; secondary =
purple) for H2 sorption in [Cu(dpa)2SiF6-i]: (a) side view; (b) top view. Atom colors: C = cyan,
H = white, N = blue, F = green, Si = yellow, Cu = tan.
9.5.3 CO2/H2 Mixtures
A binary mixture simulation of a 30:70 CO2/H2 mixture composition in [Cu(dpa)2SiF6-i] predicts
that the MOM is highly selective for CO2 over H2 at 298 K and pressures up to 50.0 atm (Figure
9.10(a)). In general, CO2 sorbs preferentially over H2 due to its larger quadrupole moment
and its subcritical nature at 298 K (Tc = 304.4 K). H2 is a supercritical gas at 298 K (Tc =
33.2 K), and it interacts very weakly with its environment under such ambient conditions. The
simulated CO2 uptake in this mixture is approximately 14.3 wt % (3.79 mmol g
−1) at 1.0 atm.
Note, the unit of wt % used here is defined as: [(mass of CO2)/(mass of MOM +
∑
(mass of
all sorbates))] × 100%. The simulated CO2 sorption isotherm in the 30:70 CO2/H2 mixture
undersorbs the experimental and simulated isotherms for pure CO2 in this compound, especially
at low pressures. This is expected due to the relative partial pressure of CO2 molecules given a
resevoir containing only 30% CO2 at each state point. It can be seen that all isotherms come
closely in agreement with each other at pressures approaching CO2 saturation. The CO2 uptake
in a 30:70 CO2/H2 mixture determined from experimental column breakthrough tests produced
comparable results, but lower than what the binary mixture simulation predicts at 1.0 atm
(7.83 wt % or 1.93 mmol g−1).38 This could be attributed to the differences in methodology
between experiment and simulation for predicting mixture sorption. The gas uptakes in column
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breakthrough experiments are dependent upon the breakthrough times for the sorbates, while
GCMC samples the entire physical mixture until equilibrium: diffusive processes in this MOM
are clearly slow and cooperative.
Furthermore, the binary mixture simulation shows increasing selectivity of CO2/H2 with
increasing pressure (Figure 9.10). At low loading, the selectivity increases sharply to approxi-
mately 1,000 at 1.0 atm. This is one of the highest predicted selectivity values for CO2/H2 in
MOMs at 298 K and 1.0 atm. Indeed, the simulation predicts that the 30:70 CO2/H2 selectivity
in [Cu(dpa)2SiF6-i] surpasses those of Mg-MOF-74 (ca. 800) under similar conditions.
317 The
selectivities continue to increase at pressures beyond 1.0 atm. Note, the simulated H2 sorption
isotherm in the 30:70 CO2/H2 mixture in [Cu(dpa)2SiF6-i] was extremely low and was therefore
not shown. Inspection of the modeled structure for the binary mixture simulations showed that
there were nearly no H2 molecules sorbed in [Cu(dpa)2SiF6-i]. In general, these results are con-
sistent with previous findings that conformal pore sizes for a MOM are beneficial for CO2/H2
selectivity.318
GCMC methods were also implemented to perform separation of mixtures containing the
major components of syngas in [Cu(dpa)2SiF6-i]. A typical eﬄuent of syngas (after the water-
gas shift reaction) contains approximately 30% CO2, 68.5% H2, 1.05% CO, 0.25% N2, and 0.20%
H2O.
4 In essence, the tendency for [Cu(dpa)2SiF6-i] to separate CO2 in syngas was evaluated.
Figure 9.10(a) shows the CO2 sorption isotherm that was produced in this mixture. It can be
seen that the CO2 uptakes in this quinary mixture are slightly less than the uptakes that were
produced in the CO2/H2 binary mixture across all pressures. The simulated CO2 uptake in this
mixture is approximately 12.9 wt % (3.37 mmol g−1) at 1.0 atm. In addition, the selectivity of
CO2/H2 in the five-component mixture shows the same general trend of increasing selectivity
with increasing pressure, with the selectivities being slightly reduced compared to the binary
mixture simulation results (Figure 9.10(b)). The selectivity of CO2/H2 in this mixture is about
950 at 1.0 atm. It is important to mention that the H2 uptakes within the binary and quinary
mixtures in [Cu(dpa)2SiF6-i] are extremely low; thus, the magnitudes of the CO2/H2 selectivities
reported herein are subject to error. However, the main conclusion from the CO2/H2 selectivity
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(a)
(b)
Figure 9.10: (a) High-pressure (up to 50.0 atm) CO2 sorption isotherms at 298 K in
[Cu(dpa)2SiF6-i] for experimental single-component CO2 (black), experimental 30:70 CO2/H2
mixture (magenta), single-component simulation of CO2 (green), binary mixture simulation
of 30:70 CO2/H2 mixture (violet), and quinary mixture simulation of 30:68.5:1.05:0.25:0.20
CO2/H2/CO/N2/H2O mixture (cyan). (b) Calculated selectivity of CO2 over H2 in a 30:70
CO2/H2 mixture (violet) and 30:68.5:1.05:0.25:0.20 CO2/H2/CO/N2/H2O mixture (cyan) in
[Cu(dpa)2SiF6-i] determined from multicomponent mixture simulation. aColumn breakthrough
experiments.
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results is that the addition of small quantities of water reduces the selectivity by only 10% at
all pressures. Note, preliminary mixture simulation results in Mg-MOF-74 show that the CO2
uptake and selectivity within a multicomponent mixture decrease substantially in the presence
of small amounts of water. This can be attributed by the strong attraction of water to the open
magnesium sites, a problem avoided presently by the selective pores.
It can be inferred that [Cu(dpa)2SiF6-i] is highly selective for CO2, even in the presence of
other gas molecules. [Cu(dpa)2SiF6-i] sorbs negligible amounts of H2, CO, and N2, as all of these
gas molecules interact relatively weakly with the MOM framework. The only sorbate molecule
in the mixture comprising syngas that can compete with CO2 for sorption is H2O. Note, all
the sorbates in this quinary mixture are small enough that they can enter the MOM (recall
that the pore size of the compound is 5.15 A˚). The kinetic diameters for CO2, H2, CO, N2,
and H2O are 3.30 A˚, 2.89 A˚, 3.75 A˚, 3.64 A˚, and 2.65 A˚, respectively.
4,270 However, only CO2
can interact with [Cu(dpa)2SiF6-i] favorably. Previous studies have shown that the presence of
trace amounts of water significantly decreases the uptake and selectivity of CO2 in many MOMs,
especially those that have open-metal sites.104,319–321 However, it is shown herein that water has
a small effect on the CO2 sorption capacity in [Cu(dpa)2SiF6-i]. The simulation studies show
that the presence of minute amounts of water decreases the CO2 uptake by only 10% at all
pressures. This agrees well with previous experimental findings regarding the effects of H2O
on CO2 sorption in this compound.
38 The water molecules cannot interact strongly with the
various functional groups in this framework; they have little attraction to the equatorial fluorine
atoms, and they cannot coordinate to the saturated metal centers. [Cu(dpa)2SiF6-i] was also
shown to be very water stable and have a low affinity for H2O. The experimental H2O uptake
in [Cu(dpa)2SiF6-i] is 20 wt % at 74% relative humidity. This is relatively low compared to
most other MOMs, including those that possess open-metal sites. In addition, as-synthesized
samples of [Cu(dpa)2SiF6-i] retain crystallinity even after being immersed in water for several
weeks (see Supporting Information of ref. 140). This demonstrates the remarkable stability and
hydrophobicity of [Cu(dpa)2SiF6-i]. [Cu(dpa)2SiF6-i] appears to have promising potential for the
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separation of CO2 from syngas, as it can sorb a significant amount of CO2 and has a low affinity
for water.
9.6 Conclusions
In conclusion, the first theoretical study of CO2 and H2 sorption in the interpenetrated square-
pillared MOM, [Cu(dpa)2SiF6-i] was presented. This MOM was shown to have one of the highest
gravimetric CO2 uptakes at 298 K and 1.0 atm among reported MOM materials,
38 and this
was verified through the computational studies reported herein. This can be attributed to the
favorable interactions between the CO2 molecules and the SiF6
2− pillars in a confined space. The
pore sizes in [Cu(dpa)2SiF6-i] are small enough to lead to optimal MOM-sorbate interactions,
but also large enough to allow for orientational freedom for the sorbate molecules. In addition,
there is enough space in this MOM to allow it to achieve a high CO2 uptake capacity at relevant
conditions. However, the relatively small surface area of [Cu(dpa)2SiF6-i] constrains the MOM
to achieve a maximum CO2 uptake of only 7.07 mmol g
−1, which corresponds to 8 molecules per
unit cell. Moreover, this study provided confirming theoretical, mechanistic evidence that the Qst
values for a sorbate can increase as a function of loading in a MOM. For the MOM investigated in
this work, the increase in Qst for CO2 beyond initial loading is a result of favorable MOM-sorbate
and cooperative sorbate-sorbate interactions.
[Cu(dpa)2SiF6-i] was also shown to have a high H2 uptake capacity at 77 K through both
experimental and theoretical measurements. The experimental initial Qst for H2 was calculated
to be 8.4 kJ mol−1, which is comparable to those calculated through simulation. This H2Qst value
surpasses those for MOMs that contain copper paddlewheel clusters, such as HKUST-1114,179 and
PCN-61.30,47 Indeed, [Cu(dpa)2SiF6-i] can sorb a significant amount of H2 at low loading with a
strong binding energy. However, again, the current physical state of [Cu(dpa)2SiF6-i] limits the
MOM to sorb a maximum of 10 H2 molecules per unit cell (8.83 mmol g
−1) as predicted from the
modeling studies. This is two more beyond the maximum loading per unit cell for other sorbate
molecules such as CO2 and N2 due to the smaller kinetic diameter of H2.
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The 30:70 CO2/H2 selectivity in [Cu(dpa)2SiF6-i] was also shown to be very high through the
computational studies. The binary mixture simulations predict the selectivity to be close to 1,000
in this compound at 298 K and 1.0 atm. Moreover, the CO2 selectivity in this compound does not
decrease significantly in a 30:68.5:1.05:0.25:0.20 CO2/H2/CO/N2/H2O mixture composition in
comparison to the 30:70 CO2/H2 mixture. This indicates that [Cu(dpa)2SiF6-i] is highly selective
for CO2 over other gases, especially H2O, which is known to decrease CO2 uptake and selectivity
in MOMs. Additionally, this compound was shown to be water stable and have a low affinity
for water through both experiment38 and simulation. MOMs with these features offer promising
potential for industrial applications in gas separations, where the presence of water vapor must
be dealt with. Experimental studies have also demonstrated high regeneration of material and
recyclability of CO2 sorption and separation in [Cu(dpa)2SiF6-i]. Furthermore, [Cu(dpa)2SiF6-i]
was shown to exhibit thermal stability up to 573 K.38 Thus, [Cu(dpa)2SiF6-i] could very well be
used for industrial separation of CO2 from syngas.
[Cu(dpa)2SiF6-i] has the highest uptake capacity for CO2 at 298 K and 1.0 atm within the
”SIFSIX” series.38 It also has very good selectivity for CO2 within gas mixtures, such as CO2/H2,
CO2/N2, and CO2/CH4. However, [Cu(dpa)2SiF6-i] does not compete with [Zn(pyz)2SiF6] in
terms of CO2 selectivity for these mixtures. [Zn(pyz)2SiF6] is composed of Zn
2+ ions coordinated
to pyrazine ligands and is pillared with SiF6
2− ions.37,38 This MOM has the smallest pore size
of the ”SIFSIX” family, reported to be about 3.84 A˚. Experimental studies have shown that
[Zn(pyz)2SiF6] is fully saturated with CO2 upon sorption at approximately 0.30 atm. In addition,
[Zn(pyz)2SiF6] was demonstrated to have the highest selectivity for CO2 within CO2/H2 (30:70),
CO2/N2 (10:90), and CO2/CH4(50:50) mixture compositions at 298 K and 1.0 atm. This MOM
will be investigated in the future for its gas sorption and separation mechanisms. Preliminary
simulation results of CO2 sorption were already reported in this compound, and agreement with
experimental data was demonstrated.38
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Chapter 10
Examining the Effects of Different Ring Configurations and Equatorial Fluorine
Atom Positions on CO2 Sorption in [Cu(bpy)2SiF6]
10.1 Note to Reader
This chapter contains previously published content. Reprinted with permission from Cryst.
Growth Des., 2013, 13 (10), 4542–4548. Copyright c© (2013) American Chemical Society. (see
Appendix A)
10.2 Abstract
Simulations of CO2 sorption were performed in a metal-organic material (MOM) that is part
of a “SIFSIX” family of compounds that has remarkable carbon dioxide capture and separation
properties. The MOM considered here has the formula [Cu(bpy)2SiF6] (bpy = 4,4-bipyridine).
This hydrophobic MOM is both water-stable and CO2-specific with significant sorption capacity
under ambient conditions. The crystal structure reveals bpy rings and equatorial fluorine atoms
in multiple possible orientations; the static disorder has been modeled based on single-crystal
X-ray diffraction data revealing several possible relatives of atoms in the crystal structure. With
regards to the bpy rings, the structure can be interpreted as two pyridyl rings with coplanar
configurations within a unit cell (configuration 1), a twisted bpy ring conformation in which
orthogonal pyridyl rings have C4 symmetry about the Cu
2+ ion (configuration 2), and a twisted
bpy ring conformation in which the two orthogonal pyridyl rings are facing one another within
a unit cell (configuration 3). Further, the equatorial fluorine atoms can be positioned such that
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all atoms are eclipsed with the square grid (position A), oriented at a 21.3◦ angle with respect to
the square grid (position B), and oriented at a 45◦ angle with respect to the square grid (position
C). It was observed that experimental data for CO2 sorption were only consistent with sorption
into configurations 1 and 3 with any of the possible equatorial fluorine atom positions at ambient
temperatures, although simulations using position A produced slightly higher uptakes in these
bpy ring configurations. It is demonstrated that the orientation of the bpy rings in configurations
1 and 3 allows more space for the sorbate molecules and thus promotes favorable MOM-sorbate
interactions, resulting in isotherms in line with the experimental results. The results from this
study suggests that [Cu(bpy)2SiF6] in either configuration 1 or 3 with CO2 present in the pores
at ambient temperatures is consistent with experimental sorption measurements and crystal
structure data.
10.3 Introduction
Since pre-industrial levels, a marked ca. 43% increase in atmospheric CO2 concentration has
been observed due to the widespread use of carbonaceous fossil fuels.121 Because these carbon-
based fuels will continue to be used as our worldwide energy supply, there is an urgent demand to
develop efficient carbon capture technologies in order to prevent serious environmental problems,
such as global warming. Hence, research is being done to synthesize materials that can capture,
separate, and store CO2 effectively and reduce CO2 emissions.
Metal-organic materials (MOMs) are a class of porous materials that offer great potential for
applications in CO2 storage and separations.
69,104,128,200,255,298 These materials have been shown
to store and separate CO2 better than any porous material to date.
38,128,192,208,260,300 MOMs are
comprised of metal ions or metal-containing clusters with multiple points of connection and or-
ganic ligands that serve as linkers.6,46,129,130,299 They can be synthesized to have moderate to
high surface areas and can be assembled from inexpensive chemicals with desired and tunable
chemical functionality. A vast number of MOMs with different topologies, pore sizes, and chem-
ical attributes have been synthesized.130 MOMs that contain open-metal sites185,260 or amine
functional groups34,261,302 can bind strongly to CO2 molecules; they also have a high selectivity
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toward CO2 over other gases. However, in the context of industrial gas separations, the major
disadvantages of such MOMs with these features include high energy costs associated with acti-
vating and regenerating the material, high competition with water in humid environments, and
stability under practical conditions.38,198,257
Recently, a previously discovered class of MOMs was synthesized through a crystal engineering
approach6,306 that does not allow open-metal sites or amine functional groups but has tailored
pore sizes and displays recyclability and water stability.37,38,198,257,263–268,322 These MOMs are
constructed with a 2D square grid based on metal ions coordinated to linear organic linkers that
are pillared in the third dimension with inorganic anions to form a 3D grid that contains saturated
metal centers with primitive cubic (pcu) topology. [Cu(bpy)2SiF6] (bpy = 4,4-bipyridine) (also
known as SIFSIX-1-Cu) is a prototypal member of this family of MOMs; it consists of a 2D grid
of Cu2+ ions that are coordinated to bpy linkers that are pillared with SiF6
2− anions.257,264
This MOM was initially recognized to display high uptake capacity for CH4.
264 More recently,
this MOM was shown to have a high selectivity of CO2 toward both CH4 and N2 at 298 K and
1.0 atm.257 As demonstrated in previous modeling studies,198 this phenomenon can be attributed
to the favorable, conformal interactions between the CO2 molecules and the SiF6
2− groups. Note
that variants containing P,268 Ti,198 and Sn198 as the pillaring metal have also been synthesized.
In this study, CO2 sorption in [Cu(bpy)2SiF6] was investigated using grand canonical Monte
Carlo (GCMC) simulation methods. GCMC methods can provide atomistic detailed insights into
the mechanism of gas sorption in MOMs. In addition, calculated thermodynamic observables
such as isotherms and isosteric heats of adsorption, Qst, can be directly compared with experi-
mental values using this method. The agreement between experiment and simulation engenders
confidence in a variety of molecular level predictions obtained from the modeling studies.
Analysis of the crystal structure of [Cu(bpy)2SiF6] reveals a number of possible configura-
tions within the framework, particularly within the bpy rings, as well as the equatorial fluorine
atoms. Three different bpy ring configurations were considered in this work (Figure 10.1(a)).
Configuration 1 consists of bpy rings that are oriented such that the two pyridyl rings are in
plane with one another. Configuration 2 is composed of bpy linkers in which the pyridyl rings are
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(a)
(b)
Figure 10.1: (a) A top view unit cell representation of the three bpy ring configurations of
[Cu(bpy)2SiF6]: configuration 1, where all of the bpy groups consist of the pyridyl rings in plane
with each other, resulting in a single mirror plane intersecting the Cu2+ ion (left); configuration
2, where all the bpy groups consist of pyridyl rings that are twisted with respect to each other and
where the pyridyl rings have C4 rotational symmetry about the Cu
2+ ion (middle); configuration
3, where the bpy groups consist of pyridyl rings that are twisted with respect to each other
and where the pyridyl rings on orthogonal grids are facing toward each other, resulting in two
mirror planes intersecting the Cu2+ (right). The SiF6
2− groups are omitted for clarity. (b) A top
view unit cell representation of the three equatorial fluorine atom positions of [Cu(bpy)2SiF6]:
position A, where the equatorial fluorine atoms are eclipsed with the pyridyl nitrogen atoms
(left); position B, where the equatorial fluorine atoms are oriented at a 21.3◦ angle with respect
to the pyridyl nitrogen atoms (middle); position C, where the equatorial fluorine atoms are
oriented at a 45◦ angle with respect to the pyridyl nitrogen atoms (right). Atom colors: C =
cyan, H = white, N = blue, F = green, Si = yellow, Cu = tan.
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twisted at a 47.5◦ angle and are oriented around the Cu2+ ion such that C4 symmetry about the
Cu-Si bond is observed. Configuration 3 is composed of bpy linkers in which the pyridyl rings
are twisted at the same angle as the previous configuration but are oriented around the Cu2+
ion such that two mirror planes including the Cu-Si bond are observed. Moreover, the equatorial
fluorine atoms of the SiF6
2− groups can be positioned such that the atoms are eclipsed with the
N atoms on the pyridyl rings, oriented at a 21.3◦ angle with respect to the N atoms, or oriented
at a 45◦ angle with respect to the N atoms; they are denoted positions A, B, and C, respectively
(Figure 10.1(b)). In essence, there are a total of nine possible configurations of [Cu(bpy)2SiF6]
considered in this study. Note that only homogeneous bpy ring orientations were considered in
this work. It is possible to have a mixture of coplanar and twisted bpy ring configurations within
the square grid. However, we expect that the CO2 sorption results in this configuration will be
similar to that of configuration 1 because both of these configurations contain the same pyridyl
ring orientations with respect to the Cu2+ ion.
Simulations of CO2 sorption were performed in all considered configurations of the compound
at 298 and 273 K. It will be shown that the experimental CO2 sorption isotherms at both
temperatures were reproduced for the simulations in configurations 1 and 3 for any of the possible
equatorial fluorine atom positions. Note that analysis of the possible conformations of bpy in the
Cu-bpy-Cu structural unit has been conducted through the search of the Cambridge Structural
Database (CSD).323 Histograms of the orientational angle demonstrate that bpy can adopt a
variety of conformations from -60 to 60◦ with a clear preference for 0◦ (coplanar rings) (see
Supporting Information of ref 142).
10.4 Methods
For the purpose of simulation, the interactions between the MOM and the CO2 molecules were
represented by Lennard-Jones parameters ( and σ), atomic point partial charges, and atomic
point polarizability parameters on all atoms of the framework and the sorbate molecules. This
was done to capture the corresponding van der Waals, electrostatic, and induction energetics.
For [Cu(bpy)2SiF6], the Lennard-Jones parameters for all C, H, and N atoms were taken from
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the OPLS-AA force field,10 while those for Cu, Si, and F were taken from the universal force field
(UFF).9 The partial charges for the atoms in [Cu(bpy)2SiF6] were obtained from periodic fitting
of the entire crystal structure. More details for calculating the partial charges for the MOM atoms
are provided in the Supporting Information of ref 142. The polarizability parameters for C, H,
N, and F were taken from van Duijnen et al.;20 this set of parameters was shown to be highly
transferable.2,13,18,20,24,79,80,102,140 The Cu parameter was determined in earlier work on PCN-61.24
The polarizability parameter for Si was determined by fitting a molecular polarizability tensor to
one that was obtained from quantum mechanical calculations for gas phase SiF6
2− as determined
in previous work.140,198
All simulations were performed in a 2 × 2 × 4 unit cell system of [Cu(bpy)2SiF6] using GCMC
methods. Details of the GCMC methods, including an explanation of how certain thermodynamic
observables are calculated can be found in the Supporting Information of ref 142. The MOM
was treated as rigid during the simulations.324 The use of a flexible force field can be executed
using procedures described previously when required.111–113 It will be shown later that good
agreement with experiment was obtained for simulations in two of the bpy ring configurations of
[Cu(bpy)2SiF6] for all of the possible equatorial fluorine atom positions using a rigid model for
the MOM. Thus, if the MOM was allowed to be flexible in simulation, it would be predicted that
the MOM will shift toward these favorable configurations to allow for preferential interactions
between the CO2 molecules and the SiF6
2− groups as explained later.
Simulations of CO2 sorption in all configurations of [Cu(bpy)2SiF6] were performed with
the inclusion of many-body polarization effects. This contribution is necessary to make favor-
able interactions with the polar equatorial fluorine atoms. Polarization was explicitly included
in the simulations by use of a Thole-Applequist type model, which is explained in detail else-
where2,17–20,24 and in the Supporting Information of ref 142. A polarizable CO2 potential energy
function was used for the simulations in this work. More details of the CO2 potential used in
this study are provided in the Supporting Information of ref 142 and in a recent paper.26
Note, the TraPPE CO2 model
25 was also used as a comparison, and the results showed that
it oversorbed experimental results at the temperatures investigated; these results can be found
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in the Supporting Information of ref 142. Further, the shape of the experimental CO2 sorption
isotherms is not captured using the TraPPE model, an unsurprising result in light of the fact that
this model is not parametrized for modeling interfacial interactions. TraPPE is a high fidelity
condensed phase CO2 potential that appears to not function as effectively in heterogeneous media
because it is fit to function in neat CO2 configuration space.
26
10.5 Results and Discussion
For all configurations of [Cu(bpy)2SiF6], the ground-state energy of a single unit cell was cal-
culated for the respective structures using periodic plane-wave density functional theory (DFT)
implemented on the Vienna ab initio simulation package (VASP)144–147 using the projector aug-
mented wave (PAW) method325 and Ceperley-Alder (CA) functional.326 The calculations revealed
that configuration 2 of the structure was the most energetically favorable configuration for the
bpy ring conformations. This is true using all positions of the equatorial fluorine atoms. For
instance, the ground-state energy for configuration 2A was calculated to be -330.80 eV, whereas
the energy for configuration 1A and 3A was -330.66 eV and -330.60 eV, respectively. Hence, it
might be inferred that configuration 2 is the favorable bpy ring configuration for gas sorption
in the MOM since it is the most stable, if the most stable crystal is formed during synthesis.
However, the simulations revealed that this appears not to be the case because the theoretical re-
sults provide strong evidence for the absence of configuration 2 in the CO2-loaded MOM. Note,
similarly, position A of the MOM was the most energetically favorable position for the equa-
torial fluorine atoms in all bpy ring configurations. The single-point energies for the different
configurations of [Cu(bpy)2SiF6] are listed in Table 10.1.
Position A Position B Position C
Configuration 1 -330.663334 -330.662387 -330.651983
Configuration 2 -330.802868 -330.800069 -330.788523
Configuration 3 -330.604186 -330.601639 -330.589598
Table 10.1: Single–point energies (in eV) of the entire unit cell for different configurations of
[Cu(bpy)2SiF6] as calculated by the Vienna ab initio Simulation Package (VASP).
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Figure 10.2 shows the GCMC-simulated CO2 sorption isotherms at 298 and 273 K for all
configurations of [Cu(bpy)2SiF6]. In configuration 2A of [Cu(bpy)2SiF6], the simulation under-
sorbs the experimental isotherm257 by a significant amount at all pressures at 298 K (Figure
10.2(a)). Indeed, the uptake is approximately half that of the experimental value at 298 K and
1.0 atm. Simulations in configurations 2B and 2C produced uptakes that are only marginally
higher than that in configuration 2A. Analogous results can be seen for configuration 2 at 273 K
(Figure 10.2(b)). In contrast, the uptakes produced in configuration 1 were significantly higher
than those produced in configuration 2 for all equatorial fluorine atom positions. In configuration
1A, the simulated sorption isotherm was found to be in good agreement with the experimental
isotherms at 298 K to within joint uncertainties (the maximum calculated error is ±0.20 mmol
g−1). At 273 K, there is slight undersorption relative to experiment for configuration 1A, but
the uptakes are still within experimental errors. Indeed, by twisting the pyridyl rings to be in
the coplanar conformation, a dramatic ca. 2.50 mmol g−1 increase in CO2 uptake was observed
at 1.0 atm at both temperatures. The simulated sorption isotherms for configurations 1B and
1C are slightly lower than the results for configuration 1A at both temperatures.
For configuration 3A of the MOM, the simulation predicts higher CO2 uptakes than what was
measured experimentally at 298 K; however, the generated isotherm is still within the vicinity
of experiment. Further, the simulations capture good agreement with the experimental isotherm
at 273 K for this configuration. Overall, by flipping the twisted pyridyl rings on one side of the
square grid in configuration 2 to give rise to configuration 3, a much greater CO2 uptake was
observed. For configuration 3B, the simulation produces an isotherm that is in good agreement
with experiment at both temperatures, whereas the uptakes were a little lower for simulations
in configuration 3C. Note that the similarities in the results for the different equatorial fluorine
atom positions in all bpy ring configurations suggest that the equatorial fluorine atoms might be
in a number of positions considering SiF6
2−–CO2 sorption in the MOM; the energy of rotation
(considering barriers and minima) is also on the order of thermal motion (kT) based on VASP
calculations.
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(a)
(b)
Figure 10.2: CO2 sorption isotherms in [Cu(bpy)2SiF6] at (a) 298 K and (b) 273 K for experi-
ment (black) and simulation (color). Line color indicates the bpy ring configuration in which the
simulation was performed, with green corresponding to configuration 1, blue corresponding to
configuration 2, and red corresponding to configuration 3. Line type indicates the equatorial flu-
orine atom position in which the simulation was performed, with solid corresponding to position
A, dashed corresponding to position B, and dotted corresponding to position C.
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The differences in uptake between the bpy ring configurations is a surprising result. It appears
that small orientational changes in [Cu(bpy)2SiF6] have significant effects on the gas uptake in the
compound. It is also interesting that simulations in the more energetically favorable configuration
2 failed to match the experimental isotherms at both considered temperatures. These results
indicate that the presence of sorbate molecules in the MOM is consistent with configurations 1
and 3, perhaps inducing a conformational change through MOM–sorbate interactions, although
these configurations might represent the MOM structure even without CO2 present.
The GCMC-calculated Qst values for [Cu(bpy)2SiF6] in all structural conformations of the
MOM were examined to verify computational accuracy, and the results are shown in Figure
10.3. Notably, simulations in configuration 2 of the MOM showed a significant underestimation
in the Qst using all equatorial fluorine atom positions in comparison to the experimentally derived
values that were determined using the virial method.108 This result is consistent with the reduced
accessibility of the SiF6
2− group, leading to weaker MOM-sorbate interactions. On the other
hand, the Qst values that were produced in configurations 1 and 3 of [Cu(bpy)2SiF6] were in
better agreement with experiment. Indeed, the simulation captures the experimental initial
loading value in these configurations and demonstrates reasonable agreement with experiment
over the range of loadings examined.
It is interesting to note that both the experimental and simulated Qst values show an increase
in Qst for CO2 after initial loading, a result that can be attributed to the combination of favorable
MOM-sorbate and cooperative sorbate-sorbate interactions. A similar behavior was captured for
a related “SIFSIX” compound in previous theoretical studies.140 Examination of the simulation
trajectories revealed a favorable sorbate-sorbate interaction between those CO2 molecules sorbed
onto neighboring equatorial fluorine atoms of the SiF6
2− groups. These sorbed CO2 molecules
coordinate in a roughly slipped parallel orientation, an interaction found to be highly favorable
in CO2 dimer interactions (see Figure S7, Supporting Information of ref 142).
To understand the reason for the difference in the calculated CO2 uptakes among all bpy ring
configurations of [Cu(bpy)2SiF6], the regions of CO2 occupancy in the respective configurations
were examined via the induced dipoles resulting from the polarizable potential.2,24,102,140,198,200
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Figure 10.4 shows the three-dimensional histogram plot within a square corridor in [Cu(bpy)2SiF6],
revealing the sites of significant occupation for each of the three bpy ring configurations with
Figure 10.3: Isosteric heats of adsorption, Qst, for CO2 at 298 K plotted against CO2 uptakes
corresponding to pressures between 0 and 1.0 atm in [Cu(bpy)2SiF6] for experiment (black) and
simulation (color). Line color indicates the bpy ring configuration in which the simulation was
performed, with green corresponding to configuration 1, blue corresponding to configuration
2, and red corresponding to configuration 3. Line type indicates the equatorial fluorine atom
position in which the simulation was performed, with solid corresponding to position A, dashed
corresponding to position B, and dotted corresponding to position C.
Figure 10.4: The three-dimensional histogram showing the sites of CO2 sorption in all bpy ring
configurations of [Cu(bpy)2SiF6] within a square corridor. The results are shown for position A of
the equatorial fluorine atoms. The transparent green regions indicate occupancy for configuration
1, the transparent blue regions indicate occupancy for configuration 2, and the opaque red regions
indicate occupancy for configuration 3. Atom colors: C = green, H = white, N = blue, F =
yellow-green, Si = brown, Cu = black.
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position A of the equatorial fluorine atoms. The three-dimensional histogram reveals notable
differences within the sorption sites among all three bpy ring configurations. It can be seen that
the CO2 molecules are closer to the equatorial fluorine atoms of the SiF6
2− anions in configura-
tions 1 and 3, with more occupancy being observed about the pillars in the latter configuration.
In these configurations, the metal centers align with the coordinated pyridyl rings in a V-shaped
orientation within the square grid, which allows the CO2 molecules to have easy access to the
equatorial fluorine atoms. Additionally, the alignment of the pyridyl rings in these configura-
tions allows the CO2 molecules to coordinate to two equatorial fluorine atoms simultaneously;
a molecular illustration demonstrating this can be found in Figure 10.5(a), 10.5(c). This V-
shaped orientation is seen on two sides of the grid in configuration 1 and four sides of the grid
in configuration 3.
The V-shaped orientation is not seen in configuration 2 due to one of the coordinated pyridyl
rings being tilted in a different direction on all sides. Configuration 2 has greater relative occu-
pation toward the center of the square pores where the MOM-sorbate interactions are weaker.
(a) (b) (c)
Figure 10.5: Molecular illustration of the CO2 binding site about the equatorial fluorine atoms
in (a) configuration 1, (b) configuration 2, and (c) configuration 3. The results are shown for
position A of the equatorial fluorine atoms. Atom colors: C = cyan, H = white, N = blue, O =
red, F = green, Si = yellow, Cu = tan.
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In addition, as the CO2 molecules attempt to sorb onto the equatorial fluorine atoms in this
configuration, they can only do so in a sideways fashion due to blockage by one of the pyridyl
rings (Figure 10.5(b)). As a result, the interaction between the CO2 molecules and the equato-
rial fluorine atoms is less strong due to apparent repulsion between the electronegative oxygen
and fluorine atoms. In essence, the orientation of the pyridyl rings in configuration 2 prevents
significant occupancy onto the equatorial fluorine atoms. Hence, from an atomistic point of view,
the observed bpy ring orientation in configuration 2 hinders sorption due to steric constraints.
Note that only the results for position A in all three bpy ring configurations are described here.
The results for positions B and C within the respective configurations are similar.
Though configuration 2 is consistent with the crystal structure and is the most energetically
favorable configuration by a modest amount of the bpy rings in vacuum, the simulations suggest
that the MOM is in either configuration 1 or 3 when the sorbate molecules are introduced with
a correspondingly large sorption capacity. Indeed, the simulated CO2 sorption isotherms are in
good agreement with the experimental isotherm at both investigated temperatures when all of the
pyridyl rings are in plane with one another or when all orthogonal pyridyl rings are facing toward
each other. For position A of [Cu(bpy)2SiF6], configuration 2 is more stable than configurations
1 and 3 by 0.14 eV (3.23 kcal mol−1) and 0.20 eV (4.61 kcal mol−1), respectively. These energy
differences are large enough that all the configurations would not be thermally populated under
ambient conditions, but with sorbates present, the conversion is a possibility. Of course, the
as-synthesized MOM is consistent with configurations 1, 2, and 3, and all are possible kinetic
products. Note that the energy difference between configurations 1 and 2 agrees well with those
calculated for the two conformers of 4,4-bipyridine in vacuum.327 Further, the low pressure region
of the sorption isotherms, below one-tenth of an atmosphere, suggest that even at low loadings,
configurations 1 and 3 are much better sorbents for CO2 and that the vacuum configuration of
the MOM is one of these configurations, unless an unlikely conversion takes place at very low
loadings. The energy difference between configurations 1A and 3A is 0.06 eV (1.38 kcal mol−1),
which is small such that it would allow the configurations to interconvert between one another
given the energy difference and the absence of significant barriers to conversion. In addition, with
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CO2 molecules present in the MOM, both configurations 1 and 3 are possible as suggsted by the
simulated sorption isotherms. Note that resolving the crystal structure with sorbate molecules
present might reveal the detailed nature of the structure as one of the possibilities suggested
here.
10.6 Conclusions
In conclusion, simulations of CO2 sorption in different configurations of [Cu(bpy)2SiF6] were
perfomed, and the uptakes reproduced the corresponding experimental measurements in two
possible bpy ring configurations of the material suggested by the crystal structure data. Indeed,
the calculated sorption isotherms for two bpy ring configurations relative to another are vastly
different despite the fact that the structures are similar. Thus, this study demonstrates the ability
of modeling to distinguish the differential sorption characteristics of distinct material/MOM
configurations, even while constraining the MOM to be rigid. The results from this study suggest
that the MOM is in the crystal configuration where the pyridyl rings of the bpy ligands are in
plane with each other or twisted with each other such that the pyridyl rings on orthogonal grids
are facing toward one another, at least with CO2 gas sorbed. Note that preliminary results
for CO2 sorption in other variants of [Cu(bpy)2MF6], including M = Ti and Sn,
198 also show
the same trends reported in this work. In addition, preliminary simulation results for CH4, N2,
H2, and H2O sorption in [Cu(bpy)2SiF6] show the same trend as CO2 sorption for the different
configurations. Next, it is planned to simulate gas mixtures in [Cu(bpy)2SiF6] in an attempt
to understand the mechanism of gas separations in this class of materials. The inclusion of
flexibility for the simulations in this MOM would also be a task worth investigating in the future
to verify the results reported herein.
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Chapter 11
Comparing the Mechanism and Energetics of CO2 Sorption in the SIFSIX Series
11.1 Note to Reader
This chapter contains previously published content. Reproduced from Ref. CrystEngComm,
2017, 19, 3338–2247. with permission from The Royal Society of Chemistry (see Appendix A)
11.2 Abstract
Simulations of CO2 sorption were performed in five members of the previously discovered SIFSIX
series: SIFSIX-1-Cu, SIFSIX-2-Cu, SIFSIX-2-Cu-i, SIFSIX-3-Zn, and SIFSIX-3-Cu.
These metal–organic materials (MOMs) consist of metal ions that are coordinated to linear
ligands and are pillared with SiF6
2− (“SIFSIX”) ions. These MOMs mostly differ in the ligand
that is used to synthesize the material, although interpenetration and substitution of the metal
ion is also responsible for the formation of some members. The pore size in this series ranges
from 3.54 to 13.05 A˚. The simulated CO2 sorption isotherms and isosteric heat of adsorption
(Qst) values for all five MOMs are in good agreement with the corresponding experimental
data. Consistent with experimental measurements, our simulations demonstrate that the Qst for
CO2 increases as the pore size decreases in this series. It was found that SIFSIX-1-Cu and
SIFSIX-2-Cu-i exhibit favorable MOM–sorbate and sorbate–sorbate interactions upon CO2
sorption, which explains why the CO2 Qst increases as a function of loading in these variants.
Further, SIFSIX-3-Zn and SIFSIX-3-Cu display nearly constant Qst values for all loadings
considered because only one type of sorption site is present in these MOMs. Notable differences
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in the repulsion/dispersion and electrostatic contributions for CO2 sorption were observed in all
five SIFSIX MOMs, with no particular trend upon variation of the pore size. SIFSIX-2-Cu-i
exhibits the highest contributions from repulsion/dispersion interactions, while SIFSIX-3-Cu
displays the highest percentage from electrostatic interactions within the series. Polarization
interactions are negligible for all five members. Overall, our simulations reveal that these five
SIFSIX MOMs display different CO2 sorption mechanisms and energetics. This led to differences
in the sorbate induced dipole distribution and the radial distribution functions (g(r)) about the
Si atoms for all MOMs.
11.3 Introduction
Metal–organic materials (MOMs) are crystalline materials that have been shown to be one of
the most promising candidates for applications in CO2 capture and sequestration.
4,128,328 These
materials consist of metal ions that are coordinated to organic ligands; the resulting structure is
composed of a one–, two–, or three–dimensional framework that includes pores and channels.329
We note that MOMs with three–dimensional structures are also called metal–organic frameworks
(MOFs). MOMs have the ability to effectively capture and store CO2 molecules within the pores
and channels. They also have the capability to efficiently separate CO2 from a number of gas
mixtures, such as flue gas, biogas, natural gas, and syngas.38 Most MOMs are inexpensive to
synthesize and they rely on physisorption to interact with the CO2 molecules, thus giving them
advantages over current and competing materials, such as aqueous amine scrubbers.330
Many MOMs have been synthesized in the past two decades by utilizing different combinations
of metal ions and ligands.207 The M-MOF-74 series remains one of the most well-known classes
of MOMs that can sorb large amounts of CO2 under ambient conditions.
208,317,331,332 They have
shown to display high isosteric heat of adsorption (Qst) and high selectivity for CO2. CO2
sorption in this class of MOMs is governed by metal–sorbate interactions. However, it was
shown in previous studies that these MOMs are not water stable and the CO2 sorption capacity
in these materials significantly decreases in the presence of trace amounts of water.303 It is also
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Figure 11.1: Components used to construct the SIFSIX MOMs investigated in this work: (left)
M2+ ion (M = Cu, Zn); (middle) linear ligand (1 = 4,4′-bipyridine, 2 = 4,4′-dipyridylacetylene,
3 = pyrazine); and (right) SiF6
2− (“SIFSIX”) anion. Atom colors: C = cyan, H = white, N =
blue, F = green, Si = yellow, Cu = tan, Zn = lavender.
expected that these MOMs would have problems with activation and regeneration due to the
presence of strongly interacting open-metal sites.
The “SIFSIX” series is a recently emerging platform of porous MOMs that have been designed
using a crystal engineering strategy and displays remarkable CO2 sorption properties.
38,39,257,333,334
These MOMs are synthesized by combining M2+ ions (e.g., Cu2+, Zn2+) with linear bifunctional
ligands to form a two–dimensional square grid that contains such components. SiF6
2− (“SIF-
SIX”) ions are coordinated to the axial position of each M2+ ion in the structure, thus serving
as a pillar, to link the two–dimensional grids together. The resulting structure consists of a
three–dimensional framework with one–dimensional channels that exhibits primitive cubic (pcu)
topolgy. In contrast to most traditional MOFs, the SIFSIX materials consist of both organic
and inorganic ligands. All metal ions in this class of materials are saturated as a result of the
octahedral coordination. This platform of MOMs is highly tunable with regards to the ligand.
Different members of this class of MOMs have been synthesized by simply changing the length of
the linker;38,257,265,266,335 this results in a series of isostructural MOMs with different pore sizes.
The components used to synthesize the SIFSIX MOMs considered herein are summarized in
Figure 11.1.
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The combination of Cu2+ and SiF6
2− ions with the ligands 4,4′-bipyridine (1), 4,4′-dipyridylacetylene
(2), and pyrazine (3) have yielded the MOMs SIFSIX-1-Cu,257,264 SIFSIX-2-Cu and SIFSIX-
2-Cu-i,38 and SIFSIX-3-Cu,39 respectively (see ESI of ref. 336, Figure S1). Note, SIFSIX-2-
Cu-i is the doubly interpenetrated polymorph of SIFSIX-2-Cu. Similarly, utilizing Zn2+ ions
with SiF6
2− ions and pyrazine linkers resulted in SIFSIX-3-Zn.37,38 The pore sizes, defined as
the longest channel diagonal distance minus the distance accounting for van der Waals radii,
for SIFSIX-2-Cu, SIFSIX-1-Cu, SIFSIX-2-Cu-i, SIFSIX-3-Zn, and SIFSIX-3-Cu are
13.05, 9.54, 5.15, 3.84, and 3.54 A˚, respectively. As a comparison, the kinetic diamater of CO2 is
3.30 A˚.337 SIFSIX-2-Cu-i, SIFSIX-3-Zn, and SIFSIX-3-Cu actually belong to a subclass of
MOMs called hybrid ultramicroporous materials (HUMs) since they contain ultramicropores (<
0.7 nm) combined with inorganic anions.338–340 The theoretical pore volume for SIFSIX-1-Cu,
SIFSIX-2-Cu, SIFSIX-2-Cu-i, SIFSIX-3-Zn, and SIFSIX-3-Cu as calculated using the
PLATON software341 are 0.683, 1.083, 0.263, 0.188, and 0.178 cm3 g−1, respectively. These val-
ues are very close to those obtained through a previously reported simulation technique involving
He for the individual MOMs (see ESI of ref. 336, Table S6).110
In the context of CO2 sorption, all of these SIFSIX MOMs rely on strong physisorption inter-
actions between the CO2 molecules and the SiF6
2− pillars. Experimental studies have shown that
the variants with the smaller pore sizes (SIFSIX-3-Zn and SIFSIX-3-Cu) exhibit benchmark
selectivities for CO2 over CH4, N2, and H2.
38,39 We note that other metal variants of SIFSIX-3-
M have also been synthesized.333,334,342 The presence of saturated metal centers (SMCs) in this
platform of MOMs is beneficial in terms of activation and regeneration. Further, these MOMs
are water stable and have been shown to display high selectivity for CO2 even in the presence of
moisture. As a result, these SIFSIX materials have promising potential for industrial applications
in CO2 capture and sequestration.
In this work, we performed grand canonical Monte Carlo (GCMC) simulations of CO2 sorp-
tion in all five of the aforementioned members of the SIFSIX family. This was done in order
to gain insights into the mechanism of CO2 sorption in all five MOMs. We note that the CO2
sorption mechanisms for SIFSIX-1-Cu, SIFSIX-2-Cu-i and SIFSIX-3-Zn have been exam-
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ined through theoretical studies by our group previously140–142 and are re-described herein for
comparison to the other SIFSIX MOMs. Nevertheless, we investigate the relative energetics for
CO2 sorption in these materials, which was not discussed in detail in the earlier manuscripts. A
description of the GCMC methods employed in this work can be found in the ESI of ref. 336.
Full details of parametrizing all five SIFSIX MOMs are also provided in the ESI of ref. 336. It
will be shown that all five MOMs exhibit different CO2 sorption mechanisms that extend beyond
the obvious considerations of contraction or expansion of the pore sizes. Various features in the
experimental CO2 sorption isotherms and Qst values in these MOMs will be explained from our
simulations.
The simulations performed herein include explicit many-body polarization interactions; this
potential energy term was included to evaluate the role of induction for CO2 sorption in these
MOMs. Polarization was included explicitly in the simulations by use of a Thole–Applequist type
model.17–19,166 A five–site polarizable CO2 potential that was developed previously was used for
the simulations in this work.26 Insights into the magnitudes of the induced dipoles on the CO2
molecules in each MOM will also be obtained. In addition, the relative contributions from repul-
sion/dispersion, stationary electrostatic, and polarization interactions will be examined for CO2
sorption each MOM. It will be shown that, although the percentages from repulsion/dispersion
and electrostatic interactions will vary depending on the MOM, polarization contributes min-
imally to the CO2 sorption structure in all five SIFSIX MOMs. We also examined the radial
distribution function (g(r)) of CO2 molecules about the Si atoms in all five MOMs. It will be
shown that notable differences can be observed in the distances between the CO2 molecules and
the pillars for all five SIFSIX MOMs.
11.4 Results and Discussion
11.4.1 Isotherms, Isosteric Heats of Adsorption, and Sorption Sites
The experimental and simulated CO2 sorption isotherms at 298 K and up to 1.0 atm for all
five SIFSIX MOMs are provided in Figure 11.2(a). All experimental data shown herein were
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(a)
(b)
Figure 11.2: (a) Low-pressure (up to 1.0 atm) CO2 sorption isotherms at 298 K and (b) isosteric
heat of adsorption (Qst) for CO2 plotted against CO2 uptakes for experiment (solid lines) and
simulation (squares) in SIFSIX-1-Cu (red), SIFSIX-2-Cu (green), SIFSIX-2-Cu-i (blue),
SIFSIX-3-Zn (cyan), and SIFSIX-3-Cu (violet). The experimental data for SIFSIX-1-Cu
and SIFSIX-3-Cu were taken from references 257 and 39, respectively, while those for SIFSIX-
2-Cu, SIFSIX-2-Cu-i, and SIFSIX-3-Zn were taken from reference 38.
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taken from the experimental references that displayed CO2 sorption data for the respective
MOMs.38,39,257 The simulated CO2 sorption isotherms in all five MOMs are in good agreement
with the corresponding experimental data to within joint uncertanties. SIFSIX-2-Cu-i sorbs
the highest amount of CO2 at 298 K and 1.0 atm within the series, followed by SIFSIX-1-Cu.
The CO2 uptake for the former is currently one of the highest for a MOM at 298 K and 1.0
atm that excludes open-metal sites and amine functional groups.38,140,328 When comparing to
its non-interpenetrated polymorph, SIFSIX-2-Cu-i has nearly three times higher CO2 uptake
than SIFSIX-2-Cu at 298 K and 1.0 atm, thus demonstrating the effects of interpenetration
on CO2 sorption. Note, the effects of interpenetration can also be observed in the case of H2
sorption in the two polymorphs.140,209 Although the pore sizes in SIFSIX-2-Cu-i are rather
small (5.15 A˚), there is still enough room in the MOM to achieve high CO2 sorption capacity at
298 K and 1.0 atm. However, the effects of the small pore sizes in this MOM can be observed at
273 K, where the CO2 uptake in this material is close to saturation at 1.0 atm and is surpassed
by the uptake within SIFSIX-1-Cu at the same state point (see ESI of ref. 336, Figure S9(b)).
Note, although simulated CO2 sorption isotherms have been reported for SIFSIX-1-Cu
and SIFSIX-2-Cu-i by our group in previous work,140,142 the isotherms shown herein for these
MOMs were generated using different simulation parameters and approaches. In the case of
SIFSIX-1-Cu, the simulations were executed on a potential energy function of the MOM in
which the point partial charges were determined through electronic structure calculations on
representational fragments that were taken from the crystal structure of the material (see ESI of
ref. 336 for details). In contrast, previous theoretical work on SIFSIX-1-Cu employed a peri-
odic charge-fitting approach73,343 to calculate the partial charges for this MOM. Because distinct
partial charges were obtained through both fragment and periodic charge-fitting approaches, this
lead to slightly different simulated CO2 sorption isotherms for SIFSIX-1-Cu in the configura-
tion of the MOM that is most favorable toward CO2 sorption. Furthermore, in this work, we
performed simulations within the 2 × 2 × 4 system cell of SIFSIX-2-Cu-i, which is in contrast
to what was used in reference 140 where a 2 × 2 × 2 system cell of the MOM was utilized. The
simulated results displayed herein for the larger system cell of SIFSIX-2-Cu-i are very similar
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Table 11.1: Summary of the pore size (in A˚) and experimental and theoretical CO2 Qst (in kJ
mol−1) in SIFSIX-1-Cu, SIFSIX-2-Cu, SIFSIX-2-Cu-i, SIFSIX-3-Zn, and SIFSIX-3-Cu.
Pore size is defined as the longest channel diagonal distance minus the distance corresponding
to van der Waals radii. The Qst values are listed at the lowest loading considered.
MOM Pore Size (A˚) Exp. Qst (kJ mol
−1) Sim. Qst (kJ mol−1)
SIFSIX-2-Cu 13.05 22.0 21.6
SIFSIX-1-Cu 9.54 26.5 26.0
SIFSIX-2-Cu-i 5.15 31.9 33.2
SIFSIX-3-Zn 3.84 45.0 45.2
SIFSIX-3-Cu 3.54 54.0 54.7
to those obtained for simulations within the smaller system cell of the material (see ESI of ref.
336, Figure S10).
Both SIFSIX-3-Zn and SIFSIX-3-Cu exhibit significantly sharp increase in the CO2 sorp-
tion isotherm at pressures less than 0.05 atm, with the latter sorbing a higher quantity of CO2
under these conditions due to the smaller pore sizes (3.54 vs. 3.84 A˚). At approximately 0.20
atm, both MOMs are saturated with CO2 due to the very small surface areas for the respective
MOMs, with experimental (calculated) saturation uptakes of 2.64 (2.72) and 2.58 (2.73) mmol g−1
for SIFSIX-3-Zn and SIFSIX-3-Cu, respectively. We note that the simulated CO2 sorption
isotherms shown in this work for SIFSIX-3-Zn are very similar to those presented in previous
work for the MOM;38,141 the difference here is that the isotherms displayed for SIFSIX-3-Zn
include more data points across the considered pressure range. As expected, SIFSIX-2-Cu
sorbs the lowest amount of CO2 within the series because the larger pore sizes in this MOM
(13.05 A˚) provide for a less favorable fit for the CO2 molecules. Note, the experimental and
simulated CO2 sorption isotherms at 273 K and up to 1.0 atm are provided in the ESI of ref.
336 (Figure S9(b)). Consistent with the simulation results at 298 K, the simulated CO2 sorption
isotherms at 273 K are also in good agreement with the matching experimental data to within
joint uncertainties. It is interesting to note that the CO2 sorption isotherm for SIFSIX-3-Zn
at 298 and 273 K are very similar to each other according to experimental measurements.38,141
The same observation should be expected for SIFSIX-3-Cu. This is because these MOMs are
saturated with CO2 at very low pressures.
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Figure 11.3: Molecular illustration of the roughly slipped parallel orientation of two adjacent
CO2 molecules that are sorbed onto neighboring equatorial fluorine atoms in SIFSIX-1-Cu as
determined from GCMC simulation. Atom colors: C = cyan, H = white, N = blue, O = red, F
= green, Si = yellow, Cu = tan.
As observed in Figure 11.2(b) and presented in Table 11.1, the smaller the pore size within
the SIFSIX series, the higher the Qst for CO2 according to both experimental measurements
and simulation. The GCMC-calculated Qst values for each MOM are in good agreement with
the corresponding experimental data in both magnitudes and shape. It can be observed that
the Qst for CO2 increases as the loading increases in SIFSIX-2-Cu-i. This effect can also
be seen for SIFSIX-1-Cu at low loading. The CO2 Qst increases for both MOMs because
there are favorable MOM–sorbate and sorbate–sorbate interactions at higher loadings for the
respective MOMs. Note, as with the simulated isotherms, the theoretical CO2 Qst values shown
herein for SIFSIX-1-Cu and SIFSIX-2-Cu-i are somewhat different than those reported for
the respective MOMs in previous work.140,142
In SIFSIX-1-Cu, a favorable interaction can be observed between two CO2 molecules that
are sorbed onto neighboring equatorial fluorine atoms (those that are in proximity to each other
across a corridor), where these CO2 molecules interact in a roughly slipped parallel orientation
(Figure 11.3). Indeed, a CO2 molecule that is sorbed onto a SiF6
2− pillar and, at the same
time, interacting with a nearby CO2 molecule across the square corridor in this MOM has higher
energetics than that for a CO2 molecule that only interacts with a single SiF6
2− pillar. This
explains why the Qst for CO2 increases beyond initial loading in SIFSIX-1-Cu.
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Figure 11.4: Molecular illustration of the alternating vertical–horizontal alignment of sorbed CO2
molecules within a channel in SIFSIX-2-Cu-i as determined from GCMC simulation. Atom
colors: C = cyan, H = white, N = blue, O = red, F = green, Si = yellow, Cu = tan.
In SIFSIX-2-Cu-i, a favorable alternating vertical–horizontal alignment of the CO2 molecules
(i.e., T–shape interaction) can be observed in the channels of this MOM (Figure 11.4). When
a single CO2 molecule is sorbed into the channels of SIFSIX-2-Cu-i, the sorbate molecule can
only interact with a single equatorial fluorine atom of a SiF6
2− group. If this CO2 molecule is
oriented horizontally, for example, with respect to the channels, the next incoming CO2 molecule
will sorb next to the first CO2 molecule through a vertical orientation, with its O atom interact-
ing with the C atom of the first sorbate molecule and its C atom interacting with an equatorial
fluorine atom of a different SiF6
2− group. Indeed, as additional CO2 molecules are sorbed in
the material, the CO2 molecules can interact cooperatively with each other, which provides for
an enhancement in the Qst compared to the initial loading value. All sorbed CO2 molecules in
this MOM interact favorably with both a SiF6
2− equatorial fluorine atom and the adjacent CO2
molecules.
The Qst for CO2 are roughly constant for both SIFSIX-3-Zn and SIFSIX-3-Cu, with
experimental values of approximately 45 and 54 kJ mol−1, respectively; these values are in
good agreement to those that have been calculated in simulation for all loadings considered in
the respective MOMs. Note, the simulated CO2 Qst values shown for SIFSIX-3-Zn in Figure
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Figure 11.5: Molecular illustration of the a/b-axis view of the modeled 3 × 3 × 3 system cell of
SIFSIX-3-Zn at CO2 saturation. Note, the terminal pyrazine units were removed for clarity.
The modeled structure for SIFSIX-3-Cu is very similar (see ESI of ref. 336, Figure S16). Atom
colors: C = cyan, H = white, N = blue, O = red, F = green, Si = yellow, Zn = lavender.
11.2(b) are the same as those reported in previous studies for the MOM.38,141 The aforementioned
Qst values are comparable to those that have been reported for MOMs that contain open-metal
sites or amine functional groups.38,39 For instance, the popular Mg-MOF-74, a MOM with open-
metal Mg2+ sites, was shown to exhibit an initial CO2 Qst value of about 47 kJ mol
−1.208 Only
one type of sorption site can be observed in both of these MOMs, and that is sorption in the
center of the channels of the material, where each CO2 interacts favorably with the equatorial
fluorine atoms from four different SiF6
2− groups simultaneously (Figure 11.5). This explains why
the CO2 Qst is constant for both MOMs. Due to the very small pore size of SIFSIX-3-Zn and
SIFSIX-3-Cu, all sorbed CO2 molecules can only align parallel with respect to the channels in
these MOMs. This is in contrast to SIFSIX-2-Cu-i, where there is enough room in the channels
for the CO2 molecules to orient vertically or horizontally as a result of the larger pores.
11.4.2 Energy Contributions
Figure 11.6 shows the averaged percent contributions of each energy component (repulsion/dispersion,
electrostatic, and polarization) for simulations of CO2 sorption in all five SIFSIX MOMs at 298 K
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Figure 11.6: Averaged percent contributions of energy components in SIFSIX-1-Cu (red),
SIFSIX-2-Cu (green), SIFSIX-2-Cu-i (blue), SIFSIX-3-Zn (cyan), and SIFSIX-3-Cu (vi-
olet) at 298 K and pressures up to 1.0 atm, with solid lines corresponding to repulsion/dispersion
(R/D) contributions, dashed lines corresponding to stationary electrostatic (Elec) contributions,
and circles corresponding to polarization (Pol) contributions.
and pressures up to 1.0 atm. One might expect that the contribution from repulsion/dispersion
interactions increases as the pore size decreases for CO2 sorption in these MOMs. However, we
observed in this work that this is generally not the case for the various MOMs. Overall, no par-
ticular pattern can be observed within the repulsion/dispersion and electrostatic contributions
as the pore size decreases for CO2 sorption in these MOMs.
SIFSIX-2-Cu-i, the compound with the third smallest pore size among the considered mem-
bers, has the highest percentage from repulsion/dispersion interactions for all loadings consid-
ered, with a percentage of nearly 73% at initial loading. The repulsion/dispersion contribution
for SIFSIX-2-Cu-i decreases to about 66% at 1.0 atm. The electrostatic contribution for this
MOM starts at around 19% and increases to a value of nearly 25% at 1.0 atm. Electrostatic
interactions do not contribute much to the sorption structure for CO2 in SIFSIX-2-Cu-i rela-
tive to the other members because each CO2 molecule can only coordinate to a single equatorial
fluorine atom due to the layout of the narrow channels in this MOM (see ESI of ref. 336, Figure
S1).
266
In SIFSIX-1-Cu, a CO2 molecule can sorb onto two different equatorial fluorine atoms
of the same SiF6
2− group simultaneously (see Figures 11.3 and S11 (ESI of ref. 336)); this
explains why electrostatic interactions are enhanced for CO2 sorption in this MOM compared to
SIFSIX-2-Cu-i. However, due to the larger pore sizes for SIFSIX-1-Cu, the Qst for CO2 in
this MOM is lower than that for SIFSIX-2-Cu-i. It can be observed that electrostatic effects
contribute more to CO2 sorption in SIFSIX-2-Cu than within its interpenetrated polymorph.
The percentages from repulsion/dispersion and electrostatic interactions in SIFSIX-2-Cu are
approximately 59% and 34%, respectively, for the pressure range considered. Like in SIFSIX-2-
Cu-i, a single CO2 molecule can only interact with one equatorial fluorine atom of the SiF6
2− ion
in this MOM (see ESI of ref. 336, Figure S13). However, the larger pore sizes for SIFSIX-2-Cu
results in a relatively weaker interaction between the CO2 molecule and the pillars.
Although SIFSIX-3-Zn and SIFSIX-3-Cu have the smallest pore sizes within the series
(suggesting dominance from repulsion/dispersion interactions), it was observed that electrostatic
interactions contribute to a significant portion of the total energy for CO2 sorption in these
MOMs. This is because, in both MOMs, the highly electronegative equatorial fluorine atoms
from four different SiF6
2− ions project into the narrow channels to provide for an energetically
favorable site for the CO2 molecules. The extremely small pore sizes for both MOMs is responsible
for bringing the four different equatorial fluorine atoms in proximity to each other. Electrostatic
interactions contribute to about 39% of the total energy for CO2 sorption in SIFSIX-3-Zn for
all pressures considered. Further reduction of the pore size, as in the case of SIFSIX-3-Cu,
increases the electrostatic contribution to approximately 49%, which is the highest percentage
from electrostatic interactions within the series. SIFSIX-3-Cu is the only MOM within the
series that exhibits higher contributions from electrostatic interactions than repulsion/dispersion
interactions for CO2 sorption.
It can be observed that polarization interactions contribute to about 10% or less to the total
energy for CO2 sorption in the majority of the SIFSIX MOMs for all loadings considered. Indeed,
no more than 16% can be observed from the polarization contribution for any SIFSIX MOM at
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Figure 11.7: Normalized CO2 dipole distribution in SIFSIX-1-Cu (red), SIFSIX-2-Cu (green),
SIFSIX-2-Cu-i (blue), SIFSIX-3-Zn (cyan), and SIFSIX-3-Cu (violet) at 298 K and 1.0 atm.
a given state point. This indicates that polarization interactions contributes negligibly to CO2
sorption in the SIFSIX series compared to the other two energetic terms.
11.4.3 Dipole Distributions
Although polarization interactions do not contribute much to the CO2 sorption mechanism in the
SIFSIX series, insights into the dipolar energetics for each MOM were gained by examining the
sorbate induced dipoles resulting from the polarizable potential in this work. In vacuum, a single
CO2 molecule has a net dipole moment of 0 D. However, as observed in this work that includes
explicit many-body polarization interactions, the external field provided by the environment
for all SIFSIX MOMs induces a dipole moment on the sorbed CO2 molecules. A plot of the
normalized sorbate population as a function of the induced dipoles on the sorbed CO2 molecules
in all five MOMs at 298 K and 1.0 atm are provided in Figure 11.7. All SIFSIX MOMs examined
were found to exhibit a single peak in their dipole distribution with the notable exception of
SIFSIX-1-Cu for which a bimodal distribution was observed. A unimodal distribution signifies
either a single sorption site or multiple sites of similar induction energetics.
When comparing the distributions between SIFSIX-3-Zn and SIFSIX-3-Cu, which differ
only in the saturated metal ion and attendant minor alterations in the bond lengths and angles
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within the pores, a significant difference in the dipole distribution can be observed. A single
sorption site exists in these structures, with a CO2 molecule caught in between four equatorial
fluorine atoms (Figure 11.5). For SIFSIX-3-Zn, a single peak was observed between 0.0 and
0.35 D, with an apex at 0.11 D. In contrast, it was discovered in SIFSIX-3-Cu that the peak
broadens significantly as it ranges from 0.0 to 0.65 D with considerably more CO2 molecules
with higher induced dipoles. These peaks in both MOMs are indicative of the highly charged
environment and highly symmetric character of CO2 sorption in the respective MOMs.
In both SIFSIX-3-Zn and SIFSIX-3-Cu, the sorbed CO2 molecules are nearly equidistant
from four equatorial fluorine atoms. As a result of the highly symmetric environment provided
by the equatorial fluorine atoms in these MOMs, polarization effects are canceled in the plane
of the F–C(CO2)–F interaction. In addition, the symmetry of the sorbed CO2 molecules cancels
out perpendicularly aligned dipoles. Molecular motions on the CO2 molecules still exist at the
sorption site in these MOMs, which causes the symmetry to break and the sorbate molecules
to exhibit induced dipoles. The magnitudes of these dipoles are small, but owing to the highly
polar environment, they tend to be at least moderate (accounting for the low occupancy between
0.0 and 0.05 D) and can be of significant magnitude. The smaller pore size for SIFSIX-3-Cu
relative to SIFSIX-3-Zn results in a shorter average distances between the CO2 carbon atom
and the equatorial fluorine atoms at the sorption site. This greater general proximity acts to
enhance induced dipole magnitudes due to librational effects, resulting in both higher dipole
magnitudes and a significant increase in occupancy of such molecules with these dipoles.
Only one type of sorption site is available for the CO2 molecules in SIFSIX-2-Cu-i, which
is sorption onto a single equatorial fluorine atom within the channels (Figure 11.4). Thus, only
a single peak can be observed between 0.175 and 0.45 D in the dipole distribution for this
MOM. The non-interpenetrated SIFSIX-2-Cu exhibits a similar primary sorption site on the
equatorial fluorine atoms of the SiF6
2− groups (see ESI of ref. 336, Figure S13), but lacks the
interactions with the channels and any nearby sorbate molecules, as these sites do not have
the close proximity that is observed in the case of SIFSIX-2-Cu-i. As a result, the dipole
magnitudes are considerably lower for SIFSIX-2-Cu, with the peak shifting to 0.0 and 0.30
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D. The more spacious interior of SIFSIX-2-Cu also affords sorption onto less favorable sites.
However, these sorption sites have very small induced dipoles and contribute to the low magnitude
portion of the distribution, thus creating an overlap with the distribution of the primary sorption
site to form a single peak with a sharper rise on the low dipole magnitude side of the curve rather
than the bell-shaped distribution observed for SIFSIX-2-Cu-i.
For SIFSIX-1-Cu, the peak spanning from 0.30 to 0.65 D corresponds to the primary sorp-
tion site in the MOM, which is sorption onto two equatorial fluorine atoms of the same SiF6
2− ion
simultaneously (see Figures 11.3 and S11 (ESI of ref. 336)). The low dipole peak ranging from
0.0 to 0.25 D corresponds to secondary sorption in the spacious cavity of the material. While
the higher dipole magnitudes for the primary site in SIFSIX-1-Cu relative to SIFSIX-2-Cu-i
seems counterintuitive given the larger pore sizes for the former, the crystal configuration utilized
for the simulations herein for SIFSIX-1-Cu allows for the CO2 molecule to interact with two
equatorial fluorine atoms of a SiF6
2− group concurrently, leading to greater induced dipoles on
the sorbate.
SIFSIX-1-Cu is the only MOM investigated herein that exhibits rotational freedom within
both the pyridyl rings of the 4,4′-bipyridine linker and the equatorial fluorine atoms of the
SiF6
2− ion based on X-ray crystal structure analysis.142,257 While these rotational motions may
be present during sorption in the material under physical conditions, a configuration for the
pyridyl rings of the linker and equatorial fluorine atoms had to be chosen for static GCMC
simulations. In this work, a configuration of SIFSIX-1-Cu was selected such that it yielded the
highest CO2 uptake and Qst from the simulations (see ESI of ref. 336 for details).
142
The most favorable sorption site in SIFSIX-1-Cu was observed in a configuration of the
MOM that is not observed in either SIFSIX-2-Cu and SIFSIX-2-Cu-i. This is probably a
consequence of the greater Si–Si distance and the attendant lessening of the interaction between
the pyridyl rings and the equatorial fluorine atoms. Note, examination of the dipole distribution
for configurations of SIFSIX-1-Cu that are similar to those observed within SIFSIX-2-Cu and
SIFSIX-2-Cu-i revealed a high dipole peak that is between those peaks for the two previously
mentioned MOMs. This is consistent with expectations as the larger pore size of SIFSIX-2-Cu
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Figure 11.8: Radial distribution function (g(r)), of CO2 carbon atoms about the Si atom of the
SiF6
2− pillars in SIFSIX-1-Cu (red), SIFSIX-2-Cu (green), SIFSIX-2-Cu-i (blue), SIFSIX-
3-Zn (cyan), and SIFSIX-3-Cu (violet) at 298 K and 1.0 atm.
would result in weaker interactions with the CO2 molecules than in SIFSIX-1-Cu, while the
smaller pore size for SIFSIX-2-Cu-i results in stronger energetics for this MOM.
11.4.4 Radial Distribution Functions
The radial distribution function (g(r)) of CO2 carbon atoms about the Si atom of the SiF6
2−
pillars at 298 K and 1.0 for all five SIFSIX MOMs are shown in Figure 11.8. This figure shows
the CO2 occupancy about the SiF6
2− groups as a function of Si–C(CO2) distance in each MOM.
Note, the g(r) shown herein for all SIFSIX MOMs are normalized to a total magnitude of unity
over the distance examined (8.0 A˚). With the exception of SIFSIX-1-Cu, all MOMs exhibit a
large nearest-neighbor peak between 4.0 and 5.0 A˚.
For SIFSIX-3-Zn, a broad peak between 4.0 and 6.25 A˚ was observed, which corresponds to
sorption between the equatorial fluorine atoms of four neighboring SiF6
2− ions in this MOM (see
Figure 11.5). This peak for SIFSIX-3-Zn is actually composed of four overlapping peaks, since
the CO2 molecule will rarely localize to be exactly equidistant from each equatorial fluorine atom
as it is sorbed between the four fluorine atoms in this MOM according to our GCMC simulations.
A closer interaction with a single equatorial fluorine atom will cause an equal shift apart from
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its opposite counterpart, resulting in a broad spread in the g(r) for this single sorption site. A
similar distribution can be observed for SIFSIX-3-Cu with a sharper initial incline, a closer
nearest-neighbor interaction distance, and slight narrowing of the peak due to the smaller pores.
In SIFSIX-2-Cu, a sharp peak can be observed at 4.5 A˚, which corresponds to sorption
onto a single equatorial fluorine atom in the MOM (see ESI of ref. 336, Figure S13). Notably,
an inconsiderable amount of disordered sorbate occupation was observed at larger Si–C(CO2)
distances due to the larger cavities, with no strong secondary sorption site. At higher loadings in
SIFSIX-2-Cu, the CO2 molecules essentially crowd into the void space of the MOM. SIFSIX-
2-Cu-i displays a closer CO2–SiF6
2− interaction distance, with a peak at 4.3 A˚; this is due to
the smaller pore size for this MOM compared to its non-interpenetrated counterpart. No large
void space exists in SIFSIX-2-Cu-i after initial loading. A noticeable second peak at 6.8 A˚ can
be observed for SIFSIX-2-Cu-i; this peak represents the sorption of a CO2 molecule onto the
nearest equatorial fluorine atom of a different SiF6
2− ion.
SIFSIX-1-Cu exibits the closest distance between the CO2 molecules and the pillars, with an
interaction distance of 3.9 A˚. This distance is 0.4 A˚ closer than that for SIFSIX-2-Cu-i, which
is the MOM with the next shortest Si–C(CO2) distance. This close distance in SIFSIX-1-Cu is
due to the selected crystal configuration of the MOM that allows for the CO2 molecule to sorb
onto two equatorial fluorine atoms of the same SiF6
2− group simultaneously. As explained in the
previous subsection, rotational freedom exists for the equatorial fluorine atoms in SIFSIX-1-Cu
as observed in the X-ray crystal structure of the MOM,257 which is in contrast to the constrained
positioning of such atoms in the other four SIFSIX MOMs. The rotational position for the most
favorable configuration for CO2 sorption in SIFSIX-1-Cu contains equatorial fluorine atoms
in line with the Cu–N bond. This position for the equatorial fluorine atoms permits the CO2
molecules to sorb closer to the SiF6
2− pillars. Thus, the incoming CO2 molecules sorb onto a
F–Si–F fork rather than onto a single equatorial fluorine atom (see Figures 11.3 and S11 (ESI of
ref. 336)).
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11.5 Conclusions
In conclusion, we simulated CO2 sorption in SIFSIX-1-Cu, SIFSIX-2-Cu, SIFSIX-2-Cu-i,
SIFSIX-3-Zn, and SIFSIX-3-Cu and observed that all five SIFSIX MOMs displayed different
CO2 sorption mechanisms and energetics. We were able to explain the reason for the different
shapes in the experimental Qst plot for CO2 within this series through our simulations. It was
observed that the Qst for CO2 increases as a function of loading in SIFSIX-2-Cu-i because of a
favorable packing mechanism between adjacent CO2 molecules within the channels of this MOM.
A cooperative sorbate–sorbate interaction can also be observed between CO2 molecules that are
sorbed onto neighboring equatorial fluorine atoms in SIFSIX-1-Cu, thus explaining why the
Qst for CO2 increases at higher loadings in this MOM. In addition, only type of sorption site
was identified in SIFSIX-3-Zn and SIFSIX-3-Cu, which is localization within the center of
the channels where the sorbate molecule interacts with four different equatorial fluorine atoms
simultaneously. This explains why the CO2 Qst values are relatively constant for the loading
range considered for both MOMs.
Examination of the energetic contributions for CO2 sorption in all five MOMs revealed no par-
ticular pattern for the contributions from repulsion/dispersion and electrostatic interactions. For
instance, both SIFSIX-3-Zn and SIFSIX-3-Cu exhibits repulsion/dispersion percentages that
are lower than those for SIFSIX-2-Cu-i for all pressures considered, which seems counterintu-
itive given that both SIFSIX-3-Zn and SIFSIX-3-Cu contain smaller pore sizes than SIFSIX-
2-Cu-i. Smaller pore sizes usually indicates higher contributions from repulsion/dispersion in-
teractions, since more MOM atoms are able to interact with the sorbate molecules simultaneously
with smaller pores. However, because four SiF6
2− groups are in the vicinity of each other due to
the narrow pore sizes in SIFSIX-3-Zn and SIFSIX-3-Cu, this allows electrostatic interactions
to increase drastically for CO2 sorption in these MOMs. One observation that is consistent for
all five SIFSIX MOMs is that polarization contributes to an insignificant portion of the total
energy for CO2 sorption in the respective MOMs. Indeed, polarization contributes to about 10%
of the total energy for the majority of the SIFSIX MOMs.
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The dipoles induced on the sorbed CO2 molecules in all five SIFSIX MOMs were found to
vary significantly between the materials even though the CO2 molecules are sorbed initially onto
the equatorial fluorine atoms of the SiF6
2− groups in each MOM. In general, the MOMs with the
smaller pore sizes were found to induce higher dipoles on the CO2 molecules at the equatorial
fluorine atom site in comparison to the MOMs with the larger pore sizes because the neighboring
functionality affords greater interactions with the sorbate molecules for the small pore variants.
Constriction of the channels due to interpenetration, as in the case of SIFSIX-2-Cu-i, resulted
in a greater population of CO2 molecules with high induced dipoles in comparison to those
MOMs that were formed using smaller ligands (i.e., SIFSIX-3-Zn and SIFSIX-3-Cu). This
is because the symmetric environment provided by the equatorial fluorine atoms for SIFSIX-3-
Zn and SIFSIX-3-Cu somewhat cancels the effects of electronic polarization for CO2 sorption
in these MOMs. Free rotation of the SiF6
2− pillars in SIFSIX-1-Cu was found to have the
most dramatic effect on the dipolar magnitudes due to the responsive nature of this rotation
permitting optimization of the CO2–SiF6
2− interaction geometries.
In addition, it was discovered that the CO2 molecules sorbed the closest to the equatorial
fluorine atoms in SIFSIX-1-Cu because the sorbate molecules can interact with two equatorial
fluorine atoms of the same SiF6
2− group simultaneously in this MOM. In contrast, the proximity
of four equatorial fluorine atoms in SIFSIX-3-Zn and SIFSIX-3-Cu results in a broad distri-
bution composed of four overlapping peaks that correspond to the surrounding SiF6
2− ions. The
sorbed CO2 molecules will be proximal to a single pillar characteristic of this interaction, which
results in a greater distance from the neighboring and opposite pillars.
On the basis of the results shown herein, new SIFSIX materials could be designed from a
crystal enginnering standpoint to have improved CO2 sorption and separation performance. The
tunability of the sorbent energetics is apparent through controlling the environment and pore
size. The SIFSIX series is a platform of MOMs that offers myriad features that make them
promising for industrial applications in CO2 separation. These MOMs are created using inex-
pensive chemicals, are facile to synthesize (i.e., “made-to-order”),39 exhibit water and thermal
stability, and display high sorption and selectivity for CO2. Previous studies have shown that
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continuous membranes of SIFSIX-1-Cu can be synthesized facilely (and at low costs) for gas
separation applications.344 Such methods can also be utilized for the other four SIFSIX MOMs.
Thus, various members of the SIFSIX series could be used to separate CO2 from gas mixtures,
such as flue gas, biogas, natural gas, and syngas under industrial conditions in the near future.
Because the CO2 sorption mechanisms are different between the various members of the
SIFSIX series, each MOM could be used for a specific application that pertains to the material.
For instance, SIFSIX-3-Zn and SIFSIX-3-Cu could be used for applications in molecular
sieving, where only certain gas molecules that are small enough can pass through the extremely
narrow channels provided by the these MOMs, while molecules that have kinetic diameters that
are larger than the pore sizes for each MOM have restricted access. Further, despite having the
lowest Qst for CO2 within the series, SIFSIX-2-Cu could be used for storage of CO2 and other
energy-related gases (e.g., CH4), especially under high pressure conditions, due to the large pore
size and surface area of this MOM. Moreover, the fact that the sorbed CO2 molecules are aligned
in an alternating vertical–horizontal orientation within the channels of SIFSIX-2-Cu-i could
provide for some interesting diffusive kinetic studies in this MOM.
The square–pillared MOMs are also tunable with regards to the pillar.198,340,345 For instance,
previous studies have shown that utilizing TiF6
2− ions in place of SiF62− in the synthesis proce-
dure for SIFSIX-1-Cu and SIFSIX-2-Cu-i afforded TIFSIX-1-Cu198 and TIFSIX-2-Cu-
i,340 respectively. The pore size for TIFSIX-1-Cu and TIFSIX-2-Cu-i are very similar to that
for their corresponding SIFSIX analogues. However, the TIFSIX variants displayed a greater
preference for CO2 than their SIFSIX counterparts.
198,340 It was observed through previous com-
putational studies in SIFSIX-1-Cu and TIFSIX-1-Cu that the interaction between the CO2
molecules and the equatorial fluorine atoms of the TiF6
2− pillars is stronger than the CO2–
SiF6
2− interaction because the equatorial fluorine atoms are more negatively charged on the
TiF6
2− group due to the higher polarizability of the Ti4+ ion relative to the Si4+ ion.198
It is expected that the TIFSIX variants for SIFSIX-3-M will also exhibit stronger interac-
tions between the CO2 molecules and the pillars. This will likely be investigated through both
experimental and computational studies. In addition, recent experimental studies have demon-
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strated that these SIFSIX MOMs are also promising for capturing and separating C2H2.
346 It is
also planned to study C2H2 sorption in these materials through molecular simulations. Lastly, we
are currently investigating CO2 sorption in all existing members of SIFSIX-3-M
38,39,333,334,342
through theoretical studies to evaluate the effect of metal ion substitution on the affinity toward
this sorbate within the SIFSIX family.
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Chapter 12
A High Rotational Barrier for Physisorbed Hydrogen in an fcu-Metal–Organic
Framework
12.1 Note to Reader
This chapter contains previously published content. Reproduced from Ref. Chem. Commun,
2014, 50, 14109–14112. with permission from The Royal Society of Chemistry (see Appendix
A)
12.2 Abstract
A combined inelastic neutron scattering (INS) and theoretical study of H2 sorption in Y-FTZB, a
recently reported metal-organic framework (MOF) with fcu topology, reveals that the strongest
binding site in the MOF causes a high barrier to rotation on the sorbed H2. This rotational
barrier for H2 is the highest yet of reported MOF materials based on physisorption.
Metal-organic frameworks (MOFs) are porous crystalline materials that have shown promise
for applications in H2 storage.
44 They are synthesized by combining metal ions and organic
ligands in a self-assembly process. MOFs are highly tunable, as a number of different metal
ions and ligands can be mixed together to design a particular MOF. Over 20,000 different MOF
structures have been synthesized and reported in the literature.329 The number of synthesized
MOFs will continue to increase as the quest to obtain a material that can meet the H2 storage
targets set by the U.S. Department of Energy (DOE) remains an ongoing effort. Numerous recent
studies have shown that there are various factors that influence H2 sorption in MOFs.
41 For
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Figure 12.1: The a/b/c axis view of the unit cell of Y-FTZB. The (CH3)2NH2
+ counterions are
shown in van der Waals representation. Atom colors: C = cyan, H = white, N = blue, O = red,
F = yellow, Y = silver.
instance, MOFs that possess open-metal sites,187 nitrogen-rich centers,34 counterions,35 and/or
narrow pore sizes209 have been shown to display high H2 uptake.
Recently, Eddaoudi and co-workers synthesized a series of MOFs that contain hexanuclear
clusters of rare-earth (RE) metal ions (e.g., Tb3+, Y3+) that are coordinated to noncentrosym-
metric homo/heterofunctional ligands.40 This series of MOFs are constructed from [RE6(µ3-
OH)8(O2C
−)6(N4C−)6] or [RE6(µ3-OH)8(O2C−)12] building blocks, where the carbon atoms of
the carboxylate and tetrazolate groups represent points of extensions to another moiety. These
MOFs exhibit a face-centered cubic (fcu) topology, which is characterized by having 12 edges of
a cuboctahedron connecting with a linear ligand.347–349 This platform of MOFs is highly tunable
with respect to both the metal ion and the ligand.
Here, we report on inelastic neutron scattering (INS) studies for H2 sorbed in Y-FTZB (com-
pound 2 in ref. 40) in an effort to gain insights into the nature of the binding of H2 in this MOF
at the microscopic level. A detailed description of the INS measurements can be found in the
ESI of ref. 350. This MOF (Figure 12.1) contains [Y6(µ3-OH)8]
10+ clusters that are coordinated
to FTZB2− ligands (FTZB2− = 2-fluoro-4-(tetrazol-5-yl)benzoate). Each Y3+ ion acts as an
open-metal site in the structure. Dimethylammonium counterions are also present to balance
the charge of the anionic framework. The overall formula unit for the activated structure of
Y-FTZB is [(CH3)2NH2]2[Y6(µ3-OH)8(FTZB)6].
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A member of this class of MOFs was selected for INS measurements because the presence of
open-metal sites and counterions (and nitrogen-rich regions for some fcu-MOFs) may be expected
to give rise to characteristic features in the resultant INS spectra. Y-FTZB was chosen for this
study because it displays the highest H2 uptake at 77 K/1.0 atm and initial isosteric heat of
adsorption (Qst) of the extant RE fcu-MOF series, with values of 2.19 wt% and 9.18 kJ mol
−1,
respectively.40 The low frequency INS spectrum consists of a number of peaks from transitions of
the hindered H2 rotor, where typically each transition corresponds to H2 sorbed at a particular site
in the MOF. The lowest transition is in fact a rotational tunnelling transition, where a smaller
transition frequency indicates a higher barrier to rotation, and hence a stronger interaction
with the host. These INS studies can, in conjunction with molecular simulations and quantum
dynamics calculations, yield insights into the locations of the H2 binding sites in a MOF along
with the binding affinity for each site. To the best of our knowledge, this paper reports the first
combined neutron scattering and theoretical study of H2 sorption in this class of RE fcu-MOFs.
The INS spectrum for H2 in Y-FTZB at a loading of 2H2/Y over an energy range of -10 to
10 meV is shown in Figure 12.2. The negative and positive values on the x-axis correspond to
neutron energy gain and loss, respectively. The spectrum shown in Figure 12.2 was collected
with neutrons of incident wavelength 3.0 A˚ (E = 9.1 meV). Note, the INS spectra for different
loadings of H2 are shown in Fig. S10 (ESI of ref. 350). Two noticeable peaks are found at
approximately 2.4 and 4.0 meV. Each peak corresponds to H2 at a specific sorption site in the
MOF which can, in turn, be identified with the aid of quantum dynamics calculations. The very
low energy of both of these rotational transitions corresponds to high barriers to rotations for
the respective sites, and hence signal strong interactions with the MOF. The values for these
rotational transitions are lower than those observed for the same transitions in most extant
MOFs, including those with open-metal Cu2+ ions (e.g., HKUST-1, PCN-12)97,131 and those
within the M-MOF-74 series (e.g., Mg-MOF-74, Ni-MOF-74).164,187,351
In fact, to the best of our knowledge, the transition for the lowest energy peak in the INS
spectrum for Y-FTZB (2.4 meV) is the lowest reported for any MOF material based on previous
INS studies (Table S7, ESI of ref. 350). This peak corresponds to a highly favorable sorption site
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Figure 12.2: Inelastic neutron scattering (INS) spectra for hydrogen in Y-FTZB at a loading of
2 H2/Y. The spectrum was collected with an incident wavelength of 3.0 A˚.
within the MOF with a rotational barrier of about 78.3 meV based on an empirical phenomeno-
logical model for the rotational potential.352 This barrier height is the highest yet reported for
MOFs that rely on physisorption interactions with the H2 molecules (Table S7, ESI of ref. 350).
Note, most of the barrier heights listed in Table S7 (ESI of ref. 350) were derived with the
simplest phenomenological model of 2D reorientations in a simple double-minimum potential.352
The use of different empirical potentials would change the value of the barrier height for a partic-
ular transition frequency. We note that certain zeolites with type III cations (those coordinated
to two framework O atoms) are the only porous materials that have higher rotational barriers
based on INS measurements.353 A low resolution spectrum for Y-FTZB over an energy range of
0 to 20 meV is provided in Fig. S9(b) (ESI of ref. 350). This spectrum was collected with an
incident wavelength of 1.8 A˚ (E = 25.2 meV), and it shows a peak at approximately 9.0 meV
and near the free rotor region (ca. 14.7 meV), which we typically associate with weaker binding
sites.
In order to gain insights into the sorption site that is responsible for the observed 2.4 meV
peak in the INS spectrum of Y-FTZB, grand canonical Monte Carlo (GCMC) simulations of H2
sorption were performed in one observed crystal configuration of this MOF, which captured the
most favorable H2 sorption site in the material (see ESI of ref. 350). Further, the simulations
were carried out with each (CH3)2NH
+
2 counterion held fixed in a corner of the tetrahedral cages
as shown in Figure 12.1, where the counterions are proximal to the tetrazolate groups. This is the
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Figure 12.3: A molecular illustration of a H2 molecule sorbed onto the most favorable sorption
site in Y-FTZB as determined from simulation. The sorbate molecule is shown in orange. Atom
colors: C = cyan, H = white, N = blue, O = red, F = yellow, Y = silver.
equilibrium location of the (CH3)2NH
+
2 ions as determined from canonical Monte Carlo (CMC)
simulation studies at low temperatures (see ESI of ref. 350). Our simulations include an advanced
technique where polarization is included explicitly. The inclusion of explicit polarization was
necessary to capture the sorption of H2 onto the open-metal sites as demonstrated in previous
theoretical studies.143,148,239 Many-body polarization effects were included in the simulations
using a Thole-Applequist type model (see ESI of ref. 350).17–19,166 Full details of preparing and
parametrizing the MOF for simulations are provided in the ESI of ref. 350.
The most favorable H2 sorption site found within the GCMC simulations in the crystal config-
uration of interest corresponds to sorption onto a Y3+ ion that is surrounded by four tetrazolate
groups (Figure 12.3). Additionally, as the H2 molecule is sorbed onto this particular Y
3+ ion, it
can also interact with the (CH3)2NH
+
2 counterion that is nearby. Indeed, the synergistic effects of
the Y3+ ion, the N atoms of the tetrazolate groups, and the (CH3)2NH
+
2 counterion provides for a
highly favorable site for the sorbed H2 molecule in this MOF. This site corresponds to a binding
energy of ca. 8.5 kJ mol−1 according to CMC simulations, which is in reasonable agreement with
the initial Qst value for H2 in the MOF.
A detailed understanding of the observed rotational dynamics for a H2 molecule sorbed at the
favored sorption site in Y-FTZB was obtained by performing 2D quantum rotation calculations.
This method involves solving the 2D rigid-rotor Hamiltonian for a H2 molecule sorbed at the
MOF sorption site with a theoretical potential energy surface (PES) to obtain the rotational
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energy levels and barriers.97,143,148,163,164,209,239 More details of the quantum rotation calculations
performed herein can be found in the ESI of ref. 350. Before the calculations were performed,
simulated annealing calculations were performed in order to obtain an optimal H2 molecule
position about the favorable sorption site. The distance between the center-of-mass of the sorbed
H2 molecule and the Y
3+ ion was observed to be about 3.20 A˚. This interaction distance is notably
longer than the H2-metal distances observed in MOFs with first row transition metal ions, such
as copper paddlewheels96,97,143,148,239 and members of the M-MOF-74 series.351 The reason for
this is that the presence of the tetrazolate groups and the nearby counterion acts as counter
forces, as they pull the H2 molecule farther away from the Y
3+ ion and make larger H2-metal
distances possible.
For a H2 molecule sorbed at the favored sorption site in Y-FTZB (Figure 12.3), an energy of
2.74 meV was calculated for the 0 to 1 rotational transition (Table S8, ESI of ref. 350). This
value is in very good agreement to the lowest energy peak (2.4 meV) in the INS spectrum, which
confirms the identification of this peak in the spectrum with that particular sorption site. The
rotational PES for a H2 molecule bound at the favored sorption site in Y-FTZB is shown in
Figure 12.4. The rotational barrier was calculated to be 85.77 meV, which is in good agreement
to the value that was obtained using the aforementioned phenomenological model. This confirms
that the barrier to rotation for a H2 molecule sorbed about this site is extremely high, the highest
yet reported for MOFs based on physisorption. Note, while the most interesting feature in the
INS spectrum for Y-FTZB is the peak that appears at 2.4 meV, the sorption sites that give rise
to the peaks at approximately 4.0 and 9.0 meV have been identified through our simulations
as sorption onto the other chemically distinct Y3+ ions in the structure and the (CH3)2NH
+
2
counterions, respectively (see ESI of ref. 350 for more details).
In summary, a combined INS and molecular simulation study of H2 sorption in the RE fcu-
MOF Y-FTZB was presented. The INS spectrum for H2 sorbed in Y-FTZB is truly amazing
for a porous MOF in that there are two peaks that are found at very low energies (2.4 and 4.0
meV), which corresponds to unusually high rotational barriers for the respective sites. The values
of the rotational transitions for these two peaks are lower than the lowest energy peak for the
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Figure 12.4: Two-dimensional rotational potential energy surface projected onto a sphere for a
H2 molecule sorbed about the most favorable sorption site in Y-FTZB as shown in Figure 12.3.
Relative energies are given in meV. The rotational barrier was calculated to be 85.77 meV.
majority of current MOFs. The most favorable H2 sorption site identified from the simulations
in Y-FTZB corresponded to sorption onto a Y3+ ion that is enclosed by four tetrazolate groups
and is proximal to a (CH3)2NH
+
2 counterion. Calculation of the rotational energy levels for a
H2 molecule sorbed about this site through 2D quantum rotation calculations yielded a 0 to 1
transition that is in very good agreement with the 2.4 meV peak; this confirms that this sorption
site corresponds to that particular peak.
While the initial H2 Qst value for the favorable sorption site in Y-FTZB is not as high as those
observed in, e.g., the M-MOF-74 series,187 the barrier to rotation imparted on the H2 molecule
about this site far exceeds that for sorption onto a M2+ ion in the aforementioned series. The
rotational barrier for the preferential sorption site, as determined using a phenomenological
model and a theoretical PES, is currently the highest of any known physisorption-based MOF.
We speculate that the initial H2 Qst value for Y-FTZB is lower than those for most members
of the M-MOF-74 series because of the longer H2-metal distance for Y-FTZB as observed in
this work. Indeed, the arrangement of the linkers in this MOF prevents the H2 molecules from
getting closer to the metal. However, for the most favorable H2 sorption site in this MOF, the
rotational barrier is very significant when considering the external field that is present from the
different moieties.
It is interesting to note that the initial Qst values for H2 in most members in the extant
RE fcu-MOF series (compounds 1 to 5 in ref. 40) are around 8.5 kJ mol−1, whereas those for
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other members (compounds 6 and 7 in ref. 40) are notably lower. Thus, for compounds 1 to 5,
the initial H2 Qst value seems to be virtually independent of the identity of the metal and the
length of the linker. One feature that is similar for the five MOFs is that they are synthesized
with a ligand that contains the tetrazolate functionality. Due to the similarities in the H2 Qst
values for these MOFs, it is expected that the primary sorption site in compounds 1, 3, 4, and
5 will be similar to that observed for Y-FTZB (compound 2) in this work. This highlights the
importance of having the tetrazolate groups present in these MOFs to capture the proper H2
sorption energetics that are associated with compounds 1 to 5. Four tetrazolate groups must
be present around the metal to generate the high rotational barrier that is associated with the
primary binding site in Y-FTZB found by computational modeling. In this particular case, it
would appear that the nature of the metal plays a relatively small role in the observed high
rotational barrier since the physical arrangement of the linkers, the linker functionality, and the
presence of the counterions appear to restrict the approach of H2 to the metal. We may therefore
predict that the rotational tunnelling transitions for other members of the RE fcu-MOF series
should be similar to that for Y-FTZB. This phenomenon will likely be investigated in future INS
studies.
This study provided compelling insights into how the combination of an open-metal site, a
counterion, and a nitrogen-rich region (via the tetrazolate groups) gives rise to an energetically
favorable site, which in turn results in a high barrier to rotation for the sorbed H2 molecule.
This finding may provide direction on how to increase the sorption energetics by making use of
the information inherent in the attendant rotational barriers for H2 in MOFs. If the incorpo-
rated open-metal sites were to be made more accessible than in the present case, they could, in
combination with the effect of counterions and nitrogen-rich centers demonstrated in the present
work, hold the promise of much significantly enhanced binding energies.
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